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on Wireless Telegraphy is required for the infonpation and guidance of Officers 
and Men of H.M. Fleet; for this purpose the " Admiralty Handbook of Wireless 
Telegraphy, 1938,” has been prepared at H.M. Signal School. 

This book, now in two volume^ supersedes “ The Admiralty Handbook of Wire¬ 
less Telegraphy, 1931.” 

By Command, of Their Lordships, 



PREFATORY NOTE. 

TWs Handbook is now divided into two Volumes. Vol. I contains the basic “ Magnetism and 
Electricity Theory ” up to and including the “ Oscillatory Circuit ” ; Vol. Il contains a treatment 
of “ W/T Theory.” The whole is intended to act as a companion book to various sets of purely 
technical instructions. 

It wiU be found that certain paragraphs, or portions of paragraphs, are marked with an asterisk, 
and usually printed in smaller type, to indicate that they are of a more difficult nature than the 
rest of the book. Those who are unable to follow the treatment may omit them without much 
detriment to the sequence of the argument. 

It will be noted that the various sections of Vol. II have been given characteristic reference 
letters. References in the index are given in terms of paragraph numbers and section letters. 

In order to bring the unit of capacity into line with commercial practice, the use of the jar 
as the Service unit of capacity has been discontinued (A.F.O. 1552/37). It is to be considered as 
obsolescent for a few years, the farad and its sub-miiltiples gradually replacing it as the practical 
imit of capacity for standard use in the Service. 


NOMENCLATURE OF WAVES. 

In this Handbook, the range of frequencies of the sether waves used in wireless communication is 
(Sub-divided as follows:— 

Below 100 kc/s. .. Low Frequencies (L/F). 

100-1,500 kc/s.Medium Frequencies (M/F). 

1,500-^,000 kc/s.Intermediate Frequencies (I/F). 

6,000-30,000 kc/s. .High Frequencies (H/F). 

Above 30,000 kc/s. .Very high Frequencies (V.H/F). 

It has been a common practice in the past to refer to the oscillatory currents produced by 
these waves in a receiving aerial as H/F currents, and to differentiate them from the currents of 
audible frequency produced after detection by using the term L/F for the latter. It is obvious 
that this usage confficts with the nomenclature in the table above; hence in this Handbook the 
term RADIO FREQUENCY (R/F) is applied to all currents diredtly produced by an incoming 
signal, and the currents flowing after detection are called AUDIO FREQUENCY (A/F) currents. 

It also frequently happens that an oscillatory current whose frequency falls within the wireless 
range is generated by the action of a receiver, e.g., in superheterodyne and quench receivers. When 
describii^ the action of such receivers it is desirable to distinguish these currents from the R/F 
currents produced by an incoming signal. The designatidn of SUPERSONIC FREQUENCY 
(S/F) currents has therefore been adopted for these currents. 

An International classification of frequencies would be very desirable. On fhe basis of a 
recent C.C.I.R. recommendation promulgated in French, a suitable nomenclature likely soon to 
be accepted internationally may be given in English as follows :— 

Below 30 kc/s. . . t.Very Low Frequencies (V.L/F). 

30-300 kc/s. . . ..Low Frequencies (L/F). 

300-3,000 kc/s.Medium Frequencies (M/F). 

3-30 Mc/s. .High Frequencies (H/F). 

30-300 Mc/s. .Very High Frequencies (V.H/F). 

300-3,000 Mc/s. Decimetre Waves (dc/W.). (1 to 0-1 metre). 

3,000-30,000 Mc/s.Centimetre Waves (cm/W). (0*1 to 0*01 

metre). 

Since let January, 1938, the latter classification has been adopted for standard use 
in the Service. 

k 2 












CONTENTS 


CHAPTER I. Paragraph 

General Introduction 1 

Wave Motion—Sound Waves—Undamped and Damped Waves—^The iEther—^Wireless Systems. 

CHAPTER II. 

Electricity and Ma^etism . 23 

Constitution of Matter—Atomic Structure—Electron Theory of Electricity—Units—Resistance— 

Lamps—^Magnetism and Magnetic Fields—Electrostatics and Electric Fields—Primary Cells— 
Secondary Batteries. 

CHAPTER III. 

Electromagnetism, Inductance and Capacity . 12S 

Electrodynamic Force—Self-Induction and Mutual Induction—Faraday’s Law—Inductance—Capacity 
—D.C. Measuring Instruments. 

CHAPTER IV; 

Alternators, Generators and Motors.191 

Alternating E.M.F.—Alternators—D.C. Generators—D.C. Motors—Starters—^Motor Generators— 

Motor-Alternators, Boosters—Rotary Converter—^Three-Phase Current—Induction Motor—Syn- f 

chronous Motor. 

CHAPTER V. 

Alternating Currents . .... .. .. 272 

R.M.S. Value—Vector Diagram—Scries A.C. Circuits—Resistive—Inductive—Capacitive—Combina¬ 
tions of These—Impedance—Resonance—Acceptor Circuits—Parallel Arrangements—Rejector 
Circuits—Power in A.C. Circuits—Coupled Circuits—^The Operator ** j/* 

CHAPTER VI. 

The Transformer, Measuring Instruments, R/F Effects .349 

Construction—^Vector Diagrams for Various Loads—^Equivalent Circuits—Auto-Transformer—A.C. 
Measuring Instruments—Variation of Electrical Quantities with Frequency—Resistance, Skin 
Effect—Inductance, Self-Capacity—Cores. 


CHAPTER VII. 

T^e Oscillatory Circuit: Damped Osciilations.387 

The Oscillatory Circuit—Free Oscillations—^Natural Frequency and Wavelength—Logarithmic 
Decrement—Closed and Open Oscillators—^Tight and Loose Coupling—Double Frequency Effect— 
Forced Oscillations. 


• CHAPTER VIII. 

Three-phase and Polyphase A.C. Systems.429 

Disadvantages of single phase A.C. systems—^Two-^ase and Three-phase A.C. Systems with Phases 
separately Loaded and Balanced—^Two-phase, Three wire System—^Three-phase, Four-wire Star 
Connection—^Three-phase, Three-wire Star Connection—Relation between Line Current and Load 
Current with Mesh Connections—^The Mesh Connection of Three Sources of Alternating Voltages— 

Power Supply with Three-phase Circuits—Use of Wattmeters in Three-phase Circuits—^Three-phase 
Transformers—Three-phase Power Rectifiers—Unbalanced Three-phase Lx>ad8. 

Appendix A—The Decibel and the Neper. 

Appendix B —Frequency—wavelength^LC value. Tables. 

Appendix C—Resuscitation from apparent death by electric shock. 

Appendix D—W/T Text Books, works of reference and journals. 

^ . I , 


Index. 



TABLE I. 


The Greek Alphabet is here given for reference, as many Greek letters appear in the Text, 


Letter. 

Name. 

English Equivalent. 

Small. 

Capital. 

a 

A 

Alpha 

a 

p 

B 

Beta 

b 

Y 

r 

Gamma 

g 

$ 

A 

Delta 

d 

e 

E 

Epsilon 

8 (as in ** met *’) 


Z 

Zeta 

z 


H 

I'.ta 

ee (as in meet 

0 

0 

Theta 

th 

% 

I 

Iota 

i 

t< 

K 

Kappa 

k 

X 

A 

l.ambda 

1 


M 

Mn 

m 

V 

N 

Nu 

n 

K 

5 

Ksi 

X 

o 

0 

Oraicron 

6 (as in olive '") 

TC 

n 

Pi 

P 

P 

p 

Rhq 

r 

a 

£ 

Sigma 

s 

T 

T 

Tau 

t 

U 

T 

Upsilon 

u 

<!> 

O 

Phi 

ph 

X 

X 

Chi 

ch (as in ** school *’) 


T 

Psi 

ps 

<0 

n 

Smega 

o (as in ** broke *') 



TABLE n. 


Symbols for Quantities for Use in Electrical Equations, etc. 


Number. 

Quantity. 

Sign. 

1 

Length . . 

/ 

2 

Mass .. .. .. .. ,. .... 

m 

3 

Time .. 

t 

4 

Angles' 

a, 6 

5 

Work or Energy 

W 

6 

Power 

P 

7 

EflBciency 


8 

Period 

T 

9 

Frequency . 

/ 

10 

2n X frequency .. .. .. . ^ . 

Cl) 

11 

^^^avelen^h .. 

X 

12 

Phase displacement 

4> 

13 

Temperature, centigrade .. 

f or 0 

14 

Temperature, absolute 

T or 0 

15 

Quantity or charge of electricity .. 

Q 

16 

Current .. .. • ., 

I 

17 

Voltage (E.M.F. or P.D.). 

E or V 

18 

Resistance .. 

R 

19 

Specific Resistance or Resistivity.. 

P 

20 

Conductance 

G 

21 

Specific Conductance or Conductivity 

T 

22 

Specific Inductive Capacity or Dielectric Constant 

K 

23 

Electrostatic Field Streng^ 

X 

24 

Electrostatic Displacement or Flux Density 

D 

25 

Electrostatic Flux .. 

I ^ 

26 

Capacity 

C 

27 

Magnetic Pole Strength. 

1 ^ 

28 

Permeability 

1 ^ 

29 

Magnetic Field Strength .. 

1 H 

30 

Magnetic Induction or Flux Density 

B 

31 

Magnetic Flux 

0 

32 

Magnetic Reluctance 

S 

33 

Magneto Motive Force 

G 

34 

Self Inductance 

L 

35 

Mutual Inductance 

M 

36 

Reactance. 

X 

37 

Impedance .. 

z 

38 

Susceptance • .. 

B 

89 

Admittance .. 

Y 

40 

Base of Nap>erian logs 

e 

41 

Damping Factor 

a 

42 

Logarittoic Decrement 

8 

43 

Aerial Capacity 

o 

44 

Valve mutual conductance 

Stn 

45 

Valve A.C. resistance (impedance) 

r. 

46 

Valve amplification factor .. 

m 

47 

Percentage modulation .... 

N 

48 

Coil amplification factor (wL/R) .: 

Q 

49 

Velocity of E.M. waves 

c 
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TABLE III. 


Distinguishing Symbols for Constant and Virtual Values of Quantities. 


Number. 

Quantity. 

Con¬ 

stant 

Value. 

Maxi¬ 

mum 

Value. 

* Arith¬ 
metic 
Mean 
Value. 

Virtual 

Value. 

Instan¬ 

taneous 

Value. 

1 

Potential Difference 

V 


v‘ • 

V 

V 

2 

E.M.F. 

£ 

t 

E 

E 

e 

3 

Charge 

Q 

Si 

Q 

Q 


4 

Current 

I 

j 

I 

I 

i 

5 

Flux . 



<1> 

O 


6 

Magnetic Field .. 

H 


H 

H 

h 

7 

Electric Field 

X 

dc 

X 

X 

X 


TABLE IV. 


Prefixes for Multiples and Submultiples of Quantities. 


Number. 

Multiple or Submultiple. 

Name. 

Prefix. 

1 

1 

10* 

Mega- 

M 

2 

10* 

Kilo- 

k 

3 

102 

Hekto- 

H 

4 

10-2 

Centi- 

c 

5 

io-« 

MiUi- 

m 

6 

io-« 

Micro- 


7 

10-» 

Millimicro- 

myi 

8 

10-12 

Micro-raicro 

[L[l 


TABLE V. 


Signs for Units Employed after Numerical Values. 


Number. 

Unit. 

• 

Abbreviation. 

1 

Ampere 

A 

2 

Volt. 

V 

3 

Ohm 

n 

4 

Coulomb ... 

c 

5 

Joule 

j 

6 

Watt.. .. 

w 

7 

Farad .. 

F 

8 

Henry .. .. . 

H 

9 

Watt-hour .. .. .. •. .. •. • -i 

Wh 

10 

Volt-Ampere .. 

VA 

11 

Ampere-hour .. 

Ah 

12 

Kilowatt 

kW * 

13 

Kilo-volt-ampere . . 

kVA 

14 

Kilowatt-hour ,. 

kWh 

• 15 

Decibel .. 

db 


a4 





















Tables VI to VIIL 



Quantity. 


Energy. 

Power 

Quantity of electricity . 

Potential difference or 
E.M.F. 

Electric field strength . 

Electric flux density 
Electrix flux 

Magnetic pole strength . 
Magnetic field strength , 
Magnetic flux density . 
Magnetic flux 
Magnetic reluctance 
Magneto Motive Force . 

Electric Current 
Resistance 

Capacity. 

Inductance 


Symbol. 


Practical Unit. 


W 1 joule .. 

P 1 watt .. 

Q 1 coulomb 
V or E I volt .. 

X 1 volt per cm. 


1 E.S.U. 

1 E.S.U. 

1 E.MU. 

1 gauss (E.M.U.) 

1 line per sq. cm. 

(E.M.U.) 

1 line (E.M.U.) or max¬ 
well 

1 oersted (E.M.U.) 

1 gilbert (E.M.U.) 

1 ampere 
1 ohm .. 

1 farad .. 

1 henry 


1 E.M.U. 


In Practical Units. 

1 erg = L joule 

1 erg per sec. ** watt 

10 

1 

10* 

1 

3 X 10* 

3 X 10® 

1 

10» 

3 X 102 

3 X I0>® 

1 

3 X 101® 

1 

1 

3 X 101® 

1 

1 

3 X 101® 

1 

3 X 101® 

1 

3 X 101® 

1 

1 

1 

9 X 10*® 

1 

10 

3 X 101® 

1 

1 

3 X 10® 

9 X 1011 

10* 

1 

10® 

1 

9 X ion 

9 X 1011 

10» 




3 

X 

101® 



1 

3 

X 

101® 



1 

3 

X 

101® 

3 

X 

101® 

3 

X 

101® 



1 

3 

X 

101® 

3 

X 

101® 

1 


~ 

101® 



1 

3" 


101® 

9 

X 

10*® 

3 

X 

101® 

3 

X 

101® 



1 



10*® 

•9 

X 

10*® 



1 


TABLE VIII. 

Operational Symbols. 


Meanings. 


Is equal to . 

Is not equal to ” . 

Is approximately equal to . 

' Is the same thing as ** or " denotes ** 

' Difference " (i.s., independent of sign) 
' Varies as/' or " Is proportional to " 

' Greater than " 

' Not greater than " .. 

' Less than ". 

' Not less than " . 

' The sum of ". 



Symbol. 
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CHAPTER I. 


GENERAL INTRODUCTION. 

-f^In Wireless Telegraphy or Telephony we deal with the transmission, propagation and 
reception of Electromagnetic or iEther waves. It is the objept of this book to explain this means 
of communication. 

WAVE MOTION. 

K “ Wave ” is a progiessive disturbance in any medium, formed by the propagation of 
alternating pressures and tensions, without any permanent displacement of the medium itself in 
the direction in which these stresses are propagated. 

The more concrete examples of wave motion, the waves of the sea, sound waves, &c., are very 
much more familiar than the wave motions associated with light, heat and wireless waves. This is 
because the media in which they are propagated are material. In such material media it is a 
movement of matter at the source which gives rise to the wave. A very simple example of this 
is given by the dropping of a large stone vertically into a pond of water. A wave motion is 
immediately produced on the surface by the impact, spreading out radially in all directions from 
the point where the stone strikes the water. Its form is due to alternate states of pressure and 
tension at the surface of the water, a crest corresponding to a pressure and a trough to a tension. 
It derives its energy from the loss of kinetic energy by the stone as its velocity is diminished on 
striking the surface. 

Such a wave has certain characteristics, which we shall see later are more or less common to 
all types of wave motion. 

(1) The form of the wave travels forward, although the water itself does not travel 

forward to any appreciable extent. Actually, the particles of water have approxi¬ 
mately an up)-and-down movement about their positions of equilibrium, and after 
a complete wave has passed they are in the same position as they were just before 
its arrival. 

(2) The energy possessed by the wave on starting travels forward with it and is expended 

on the shore of the pond. During the passage of the water some of this energy 
is lost through friction, and as a result the size of the wave diminishes the further 
it is from its source. 

(3) The speed of the wave varies very little at different points along its direction of 

propagation. It depends primarily on the depth of the water in shallow water, 
and in deep water depends on surface tension, density of the water, and the length 
and size of the wave. 

3. Any type of wave motion has four different quantities associated with it, its Velocity, 
Frequency, Wavelength and Amplitude. 

The form of the wave and the energy which it is conve 3 dng travel outwards with a certain 
Velocity. 

The Frequency is the number of waves that pass a fixed point in a given interval of time. 
For the type of wave motion associated with wireless the unit of time is one second, and the frequency 
is therefore the number of waves passing a given point per second. It is denoted by the symbol “ f." 

, The Wavelength is the distance between one wave crest and the next, or, more generally, the 
distance betweert two consecutive points at which the moving particles of the medium have the 
same displacement from their mean position and are moving at every instant in the same direction. 
It is denbted by the symbol “ X." 
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The Amplitude is the maximum displacement of a moving particle of the medium from its 



Fig. 1. 


To these definitions may be added that of the 
Period of the wave, which is the time in which the 
waveform moves forward through one wavelength, 
or the interval of time between passage of successive 
waves past a given point. 

A cycle of a wave is one complete set of 
varying conditions,iri Fig. 1, the curve ABCDE. 
Portions of the wave above the mean line may 
be termed positive half cytles, below it, negative 
half Cycles. 


4. 


There are certain relationships between these quantities. 

(a) The Period being the time between successive waves, and the Frequency the number 


of waves per second. Period = j seconds. 

(b) The Frequency being the number of waves per second, and the wavelength the distance 
between them, the product of these two quantities gives the speed at which the 
wave is travelling, i.e., its velocity, written c. 

As a formula, / x X = c. 



X= T 


5. The first elementary t)^ of wave we took for illustrative purposes, that on the surface of 
water, is one in which the particles of the transmitting medium move at right angles to the direction 
of propagation. Such waves are called Transverse Waves. 

Other examples of the above are the aether waves we shall be concerned with mainly in this 
book. There is another class of waves called Longitudinal Waves, in which the particles of the 
transmitting medium move to and fro in the same direction as the waves are propagated. The most 
common example is the sound wave. 


SOUND WAVES. 

6. When a bell rings, it vibrates at a rate depending on its mass, shape and material, and 
alternately presses forward and drags backward the particles of air immediately surrounding it. 
These particles communicate their motion to the particles adjacent to themselves, and the action 
is carried on, resulting in a wave motion being set up in the atmosphere. At any given instant 
there are alternate states of compression and rarefaction along any direction outwards Jrom the 
source of sound, and these, impinging on the ear, make the ear drum vibrate backwards and forwards 
at the same frequency as the source of sound. The particles of the transmitting medium, the air, 
which are set into vibration, move backwards and forwards in the same direction as the sound is 
going, i.e., radially from the transmitter, and so this is a case of longitudinal vibration. 

Just as in the case of visible waves on water, the frequency will be the number of waves passing 
jjer second—in this case, the number of states of compression passing a fixed point per second, and 
the wavelength will be the distance between states of maximum compression. 

7. Method of Representation.—A transverse wave has a form that can be seen, but a longi¬ 
tudinal wave has not. If, however, we draw lines at right angles to the direction of propagation, 
and of lengths pToportional to the amount of compression (drawn positively) or rarefaction (drawn 
negatively), and join up the ends of these lines, we shall get what looks like a. transverse wave, and 
the definitions of the quantities associated with ihe wave may seem more obvious. 
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Such a waveform may be drawn as above with the horizontal axis an axis of distance, and the 
waveform representing an instantaneous set of conditions, or it might represent the variations 
in compression and rarefaction passing a fixed point, in which case the horizontal axis would be an 
axis of time. 


8. The physiological sensation produced by a sound wave of a certain frequency is termed its 
“ Pitch.” Doubling the frequency of a sound wave raises its pitch one octave. For example, 
the pitch of middle C on a piano corresponds to a frequency of 256 cycles per second, the pitch of 
the next higher C to a frequency of 512 cycles per second, and so on. 

It does not follow that all sound waves are audible. The best known form of sensitive receiver 
for sound waves is the human ear, but even this will only respond to a very limited range of pitch. 

The lower limit of audibility is about 16 cycles per second. Below this frequency the ear 
separates the sound into its constituent parts, and the impression of a musical note is lost. In the 
same way the impression of continuity is lost if a Cinema film is run at less than about 16 pictures 
per second. The upper limit of audibility varies from about 15,000 to 30,000 cycles per second, 
according to the person concerned. 

The pipe organ usually ranges in frequency from 16 to 8,000. 

The range of frequency for the human voice in singing is from 60 for a low bass voice to about 
1,300 for a very high soprano. The average male speaking voice has a frequency of about 130, 
amd the average female speaking voice is an octave higher, frequency about 260. 


9. Appl 5 dng the formula of paragraph 4 (6) to the case of sound waves, we can work out their 
wavelength given their velocity. Sound waves in air travel outwards in all directions from their 
source in three dimensions, with a velocity of about 1,130 ft. per second, or about 12-8 miles per 
minute, or about 770 miles per hour. 


The wavelength of the note " middle C " would therefore be 


1,130 

256 


ft. 


= 4*4 ft., while that o: 


the " treble C ” would be 


1,130 

512 


= 2-2 ft. 


% 

10. Soimd signals produced in air are very erratic in their range and intensity, due to the fact 
that sound may be carried by the wind or reflected or refracted (bent from its course) by layers o^ 
air of different densities, so that a sound may be audible some distance away and yet be quite 
inaudible at points nearer the transmitting agency in the same straight line. 


11. Sound Mraves may also be propagated through water, as is done by a " submarine bell.” 
They travel at a higher speed in water, their speed in any medium being given by a formula involving' 
the density and elasticity of the medium. For water this formula gives about four times the speed- 
in air ; actually, 4,700 ft. per second in fresh water, 4,900 ft. per second in sea water. 


The wavelength of '' middle •€ ” in sea water is 
= 18-3 feet. 


4,900 

256 


= 19-14 feet, and in fresh water. 


4,70a 
256 I 


Sound waves in water can be received on a suitable receiver, such as a hydrophone, an S/T; 
oscillator, or even through the hull of a ship. 


UNDAMPED AND DAMPED WAVES. 

'42. There is another method by,which waves may be divided Into two classes, viz.:— 

(1) Continuous or ‘‘ undamped ” waves, represented graphically by Fig. 2 (a) below. 

(2) ** Damped ” waves, represented by Fig. 2 (6). 

In these figures the horizontal axis is an axis of time, and the graphs represent amplitudes of 
waves passing a fixed point. 
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The essential feature of undaihped or continuous waves is that the amplitude remains con¬ 
stant ; if we take a common type of wave motion, sound, such 
waves are the kind prodpced by an organ note, where a 
continuous force is applied to producing the note all the time 
^ the key is pressed down. 

Tlie damped wave, on the other hand, has a varying 
amplitude ; an example is the piano note, where the vibrating 
wire which produces the sound is set into agitation when the 
key is struck, and vibrates to and fro with less and less 
amplitude as time goes on. After the first impulse there is no 
steady supply of energy to it to overcome the “ damping 
effect of air resistance, etc., and so keep its amplitude of 
vibration constant. 

The distinction between these types of wave is very 
important in wireless, because some t 3 Tpes of transmitting 
apparatus produce undamped or continuous waves and some 
Fig. 2. types damped waves. A group of waves as in Fig. 2 (b) is 

often called a wave train. 

THE AETHER. 

13. In the foregoing instances of wave motion, viz., surface sea waves and sound waves, the 
wave motion has depended on some movement of matter (paragraph 24) at the source. 

There are other sorts of wave motion or vibration, called “ aether waves," which are generated 
by the movement of electrons at their source. 

Now we have seen that sound is conveyed from transmitter to receiver in the following manner : 
the transmitter is set in vibration ; the intervening medium is set in vibration ; the vibration of the 
medium sets the receiver in vibration. 

We are led to believe in the existence of the medium we term the aether for the following 
reasons:— 

The earth continually receives enormous quantities of energy from the sun in the form ot 
light and heat, which travel through a space known to be empty of ordinary matter. Filaments of 
incandescent lamps give off light and heat, although the bulb contains practically no gas or air. 

It is unreasonable to supjiose that the energy in the sim or in an electric circuit disappears 
there and reappears at the earth (or the receiving circuit) without having been conveyed across the 
intervening space. It must be conveyed across either as an actual molecular movement, like the 
flow of a river, or as a wave motion, like the passage of sound through air. 

All experience goes to show that light and electromagnetic energy generally are transmitted 
through space as a wave motion, and we are led to the supposition that all space is occupied by a 
medium which conve 3 is the energy, and that this medium has properties different from those possessed 
by ordinary matter. 

We call this medium " aether.” 

The medium called the aether must necessarily be universally diffused amd must inter-penetrate 
all matter. It cannot be exhausted or removed from any place, because no material is impervious 
to it. 

The presence of what we know as matter in its various forms may, however, modify the pro¬ 
perties of aether so far as these aether waves are concerned. For example, a light wave can pass 
through a glass window, but cannot pass through a brick wall, while a wireless wave cam pass through 
a brick wadi, but cannot pass through a sheet of copper. 

The aether must possess in great degree some form of elasticity—^that is, resistance to any 
chamge of state produced in it—and it must adso possess inertia, or a quadity in virtue of whidi a 
change so made in it tends to persist. 



K 



UNDAMPED WAVES 
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It is clear that it has the property of being capable of storing up energy in large quantities and 
transmitting it from one place to another, as shown by the fact that enormous amounts of energy 
are hourly being transmitted from the sun to the eartli. 

Vibrations of the aether are only produced by the electric and magnetic fields associated with 
electrons in motion. {See Chapter II.) 

Electric and magnetic stresses are passed through the aether with a definite velocity, which has 
been found to be *300,000 kilometres {i.e., 3 x 10^ metres),-or 186,000 miles per second. 

All movements of the aether consist of electric and magnetic forces, alternating in direction; 
they produce a disturbance, spreading outwards, which is called an “ electro-magnetic-wave,” or 
simply an “ aether wave." 


AETHER WAVES. 

14. According to their frequencies, aether waves produce different effects, aind require different 
methods of generation amd detection. All these waves convey energy, which cam be converted to 
heat energy by meains of a suitable detector. 

The ramge of frequencies so far discovered is shown in Table VI. 

iEther waves are of a totadly different nature from sound waves, amd even at audible frequencies 
they do not affect the ear directly and camnot be heard. 

They are claissified in groups or bamds according to the way in which they aire generated. It 
will be seen that certain bands on the chart overlap, e.g., the ultra-violet and X-ray bands, and the 
infra-red amd wireless bamds. This merely meams that the same wave can be generated by two 
different methods. The properties of the wave aire unaffected by its mode of generation. 

The waves of highest frequency so far discovered are the so-cadled " penetrating radiation ” 
or cosmic rays, which appear to be produced in the depths of space and reach the eaurth in all 
directions. 

The next range is that of X-rays, which au-e produced by the sudden stoppage of very faist- 
moving electrons, and aure of value for medical purposes. The higher frequencies of this range are 
also covered by the Gamma (Y)-rays emitted in the disintegration of radio-active substances, some 
of which aire used in medicine 

At its lower end, the X-ray band overlaps with the ultra-violet rays, which au:e radiated from 
very hot bodies and ionised gases. These are the rays wliich affect a photographic plate, amd are 
also valuable rays in “ sun-bathing." 

The next ramge is the visible spectrum—the bamd of frequencies which can be directly detected' 
by the eye. When adl present, ais in the caise of the sun’s ra(Eation, they give the sensation of white 
light, but the different frequencies present can be made visible by passing the white light through 
a glaiss prism. 

The rays below the red end Of the visible spectrum, or infra-ray reds, aire radiated from hot 
bodies, e.g., a poker not heated to redness. • Their lowest frequencies overlap with the waves on 
wires produced by electrical meams, i.e., the highest frequencies of the wireless range. 

This brings us to the ramge of wireless waves from about 10 kc/s. to 10^® kc/s. 

They au-e of too low a frequency to be perceived directly by the eye, and have to be collected 
on am aeriad, and then made perceptible to the senses in one of a vauiety of ways—generally by 
giinng rise to sounds in a paiir of telephones. 

They have the supreme advamtaiges over any other form of signailling that they follow the 
curvature of the earth, amd do not suffer, neaurly so much from dissipation in the atmosphere, and so 
are suitable for signalling to the greatest possible distances. It is only a question of the use of 
suitable power and receiving geau* for stations to communicate wnth half the circumference of the 
eqrth between them. 

* This figure is an approximation. The figure which is generally accepted as being accurate is 2 -9982 x 10* 
metres per second. 
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15. Table VI is drawn on a " logarithmic " scale, in which equal distances along the vertical 
axis represent, not equal differences in magnitudes of numbers, but equal differences in their 
logaritl^. 

The frequencies and wavelengths correspond, according to the formula of paragraph 4:— 

/ X X = c. 


In the case of electromagnetic waves this velocity'is 3 X 10* metres per second, so that, for 
instance, a frequency of 10* cycles/second corresponds to a wavelength of 300 metres. 

The above velocity is, strictly speaking, only correct for ather, but the velocity of electro¬ 
magnetic waves in air is practic^y the same. In other substances it may be very different, a 
common example being that the velocity of light in glass is different from what it is in air. Light 
of the same frequency, however, moving through glass or air sets up the same sensation of colour 
in the eye, so it is the frequency which distinguishes one electromagnetic wave from another, and 
not the wavelength. 

Hence the common practice hitherto of alluding to wireless waves by their wavelengths is not 
so correct as if we allude to them by their frequencies. It has been assumed that they are propa¬ 
gated in air. For this reason, and others, it has been decided that wireless waves will be quoted 
in frequencies in future, and, owing to the large quantities that woidd be involved, using “ cycles 
per second," the unit " kilocycles per second ’’ is used. A kilocycle is 1,000 cycles. 

The product of wavelength in metres and frequency in kilocycles per second is eqvud to the 
velocity in kilometres per second. Hence, to convert a given wavelen^h into frequency in kilo¬ 
cycles, it is necessary to divide 300,000 by the wavelength in metres, and vice versa. 

Thus the expression " a wavelength of 300 metres " is more accurately represented by " a 
frequency of 1,000 kilocycles per second." The recognised abbreviation for "kilocycles per 
second " is kc/s. 

In the case of V.H/F waves, the number which gives the frequency in kc/s. becomes very large, 
and such frequencies are usually quoted in " megacycles per second " (Mc/s.). 

, , j = 1,000,000 cycles per second. 

1 megacycle per second ^ , qqq kUo^^cles ^er second. 

To express the frequency in Mc/s., 300 should be divided by the wavelength in metres and vice 

300 

versa, e,g., a wavelength of 20 metres corresponds to a frequency of == 15 Mc/s. 


16. For a proper understanding of W/T, the main essential is a thorough grasp of the principles 
of electricity and of the laws governing alternating and direct currents. Once these are mastered, 
W/T in itself will be found to be easy of comprehension, provided the student has some imagination, 
since one is dealing with a wave motion which is invisible, inaudible and intangible. 

The problem in W/T is to maintain an electrical oscillation in an aerial circuit. The nature and 
appearance of an aerial may be assumed to be familiar to everyone nowadays. An aerial circuit 
is a natural electrical osdllator. 

In virtue of certain properties termed ‘‘ inductance'' and “ capacity,'* which aire associated 
with it, it is just as ready to be set in electrical oscillation as is the balance wheel of a watch to be 
set in mechanical oscillation. 


/ 17. The balance wheel of a watch is such a very useful and accurate analogy all through the 

study of W/T that we may well’stop for a moment to consider it (K.39). 

The wheel is* carefully balanced and mounted in perfect bearings. To its centre is attached 
one end of a fine spring—the “ hair spring." The tension of this hair spring is adjustable by means 
of the " regulator." The balance wheel oscillates at a rate depending ondts weight and the tension 
on the hair spring. In its oscillation it operates the escapement, wWich controls the rate at which 
the TTifkin spring is allowed to uncoil and move the hands of the watch ; conversely, the main spring 
supplies the energy requisite for maintaining the oscillation of the balance wheel. 

Now, the weight or interia of the wheel and the elasticity of the hair spring are two mechanical 
properties which correspond respectively to the electrical properties of the aerial referred to above— 
inductance and capacity^ 
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The aerial circuit may be thought of as the balance wheel, and the various systems of energising 
such a circuit, described in this book, as the hair spring and escapement. 

18. The foiu- methods employed for the transmission of W/T are: (a) the spark system ; (b) 
the arc system; (c) the valve system ; and (d) the high frequency alternator system. 

Method (a) generates damped waves, but it should be noted that the use of these is obsolescent. 
(C/.A.l.) 

Methods (b) and {d) generate undamped or continuous waves; method (c) generates damped or 
undamped waves at 

In the Naval service we are not concerned with the high frequency alternator S 3 ^tem, and the 
arc system is obsolete. 

19. The relative merits of these four systems may be classified as follows. (The full significance 
of the points dealt with below may not be appreciated until the chapters dealing with the respective 
systems have been read. They are inserted here for convenience.) 


(a) The Spark System. 

Advantages. Disadvantages. 


{1) and durable. 

(2) Faults easily cleared. 

(3) Emits a wave which forces its way well 

through interference. 


(i) The 

Advantages. 


(1) Wasteful of power. 

(2) Short range as compared with continuous 
wave generators. 

(3) Interferes badly. 

(4) Requires high insulation on account of 
initial peak voltages. 

Arc System. 

Disadvantages. 


(1) Robust and durable. 

(2) Faults easily cleared. 

(3) Can easily be constructed to handle large 

powers. 


(1) Slow in starting up. 

(2) Presents certain " keying ” difficulties. 

(3) High-power sets radiate harmonics badly. 

(4) Unsuitable for us^ in a fleet, as it is not 

possible to *' listen through ” for 
Admiral’s signals, messages of distress, 
etc.. 

(5) High frequencies cannot be produced, the 

limiting value being 250 kc/s. 


(c) The Valve System. 


(1) Radiates a very pure wave. 

(2) Easy to key. 

(3) Very suitable for radio-telephony. 

(4) Transmits damped or rmdamped waves at 

will. 

(5) Quick in starting up. 


(1) Valves are fragile and require frequent 

replacement. 

(2) If faults develop, they are not So easy to 

trace as in other sets. 


{d) The High Frequency Alternator System. 


(1) Radiates a wave which is very pure and 
free from harmonics. 

,2) Easy to key. . 

(3) Veiy suitable for radio-telephony. 

(4) Suitable for high power working. 


(1) Requires very expert supervision and 

maintenance. 

(2) Its frequency cannot be varied so readily 

as in other systems. 

(3) Its first cost is high. 

(4) Only suitable for low frequencies. 


The spark and valve systems are described fully in subsequent chapters. 
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20. When the aerial circuit is set m oscillation by one of the above methods, a succession of 
waves is set up in the aether. These waves spread out in all directions over the surface of the earth, 
in circles of ever>increasing radius. Whenever they encounter any other aerial they, endeavour to 
set it in dectrical oscillation, as the wind sets trees shaking. 

The currents in the receiving aerial are passed through a “ detector,” which renders them suit¬ 
able for energising a device—a pair of telephones, a loudspeaker, a tape machine, &c.—^which renders 
them perceptible to one of the senses. 

21. Notice the sequence—the transmitter—the intervening medium—the receiver. 

In the same way, in speaking, the transmitter is the human throat and mouth, the medium 
which carries the sound waves is the air, the receiver is the drum of the ear. 

In signalling with a flashing lamp, the transmitter is the lamp, the medium is the aether which 
carries the light waves, the receiver is the eye. 

22. Further, wireless may be used for telephony. The only difference is that the human voice 
is passed through a microphone in order to vary or modulate the aerial current, instead of using a 
morse key. The wave is carried to the receiver and detected in the same manner as above. 

The direction from which a wireless wave is coming may be determined by the use of “ direction¬ 
finding ” apparatus. This is of very great benefit in navigation and is dealt with in a subsequent 
chapter. 

We must now proceed to discuss electricity in general, direct and alternating currents, and 
the machinery required for producing them, before passing to the details of the various transmitting 
and receiving circuits used in wireless telegraphy. 


CHAPTER II. 


ELECTRICITY AND MAGNETISM. 

23. In this chapter the elementary principles of electricity and magnetism are explained, in 
so far as they affect wireless telegraphy and the circuits used in wireless telegraphy. 

CONSTITUTION OF MATTER. 

. 24. Matter.—It is difficult, if not impossible, to define rigorously what is meant by matter. 
It may be taken loosely to mean anything which occupies space and is attracted to the earth’s 
surface when in the neighbourhood of the earth, i.e., has weight. 

Matter may exist in three states—solid, liquid and gaseous. 

Solid matter tends to preserve its shape almost indefinitely, e.g., jewels and ornaments found 
in the excavated remains of ancient civilisations still retain outlines as sharp as on the day they left 
the hand of the craftsman. 

Liquid matter has no shape of its own and takes the shape of any vessel in which it may be 
contained. 

Gaseous matter also has no shape of its own, but in addition, unlike liquids, it will adapt its 
volume to that of its containing vessel and fill it completely. 

Matter may assume all three states according to the temperature and pressure to which it is 
subjected. Thus at normal atmospheric pressure, water (liquid between temperatures of 0° C. 
and IlOO® C.) can become ice (solid below a temperature of 0° C.) or steam (gaseous above 100° C.). 

Air (gaseous at, ordinary temperature and pressure) can become liquid at a very low temperature 
and high pressure, said solid at an even lower temperature. 
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25. Molecules.—It is not possible to take a piece of matter and go on dividing it indefinitely 
into smaller pieces. A stage is reached at which any further division alters completely the properties 
of the original matter. 

The smaUest portion of any substance which cannot be subdivided without its properties 
being altered is called a “ molecule ’’ of the substance. It exhibits the same chemical and physical 
properties as the substance in bulk. 

There are as many different lands of molecules in the imiverse as there are different kinds of 
substances—an almost limitless number. 

The distinction between the different states of matter may be examined in the light of this 
molecular theory. 

26. In all states of matter molecules are in continuous rapid motion. 

In a solid the molecules are crowded very closely together so that, although their motion is 
rapid, it is an oscillation about an average position. It may be likened to that of a man in a crowd 
where it is almost or quite impossible for him to leave the space he occupies between bis neighbours; 
yet he may turn round and have some motion from side to side. It is the attractive force between 
molecules, very great because of their proximity to each other, which makes it difficult to alter the 
shape of solids. 

In a liquid the molecules are usually less closely packed and there is less cohesive force between 
them. They are sufficiently free to move from one point to another of the liqmd. Their motion 
may be likened to that of a man moving in a crowded thoroughfare. The case of ice, however, which 
contracts when it is turned into water, shows that the distance between molecules in a liquid may 
be less than in a solid. It is the difference in the type of motion, i.e., a change in position of the 
whole molecule as compared with a vibration about a mean position which gives the essential 
difference in nature between the liquid and the solid states. 

In a gas the movement of the molecules is still freer. They are relatively far apart compared 
with their dimensions. Because of their great speeds, however, they are still continually colliding 
with other molecules. The cohesive force is practically absent—in other words, gases expand or 
contract easily. 

27. The effect of heat is normally to increase both the amplitude and the speed of the molecular 
agitation so that the number of collisions increases. The spaces between the neighbouring molecules 
increase in size and this is observable as an increase in size of the body which is being heated. In 
the case of a gas heated in an enclosed vessel, the volume cannot increase and so only the speed 
of the molecules increases. This is observable as an increase in pressure on the walls of the vessel. 

As was mentioned above, such changes of temperature may be sufficient to alter the matter 
from one state to another. The molecules imder such conditions are themselves unaltered, it is 
merely their organisation which has been changed. 

28. The Atom.—Molecules are capable of further sub-division but the resulting particles are 
no longer molecules. They are called “ atoms ” and have different properties from the molecules 
of which they formed a part. They are, for example, incapable of independent existence for any 
length of time except in the special case when the molecule contains only one atom, i.e., when the 
molecule and the atom are the same. 

An atom is the smallest portion of matter that can enter into chemical combination, or the 
smallest portion of matter obtainable by chemical separation. 

A molecule may consist of one, two or more atoms of the same kind or it may consist of two or 
more atoms of different kinds. In chemistry the term ** element ” is applied to a substance which 
is composed entirely of atoms of the same li^d : thus, two atoms of hydrogen (H) will combine to 
form a molecule of hydrogen (H,). Hydrogen is therefore an element. Two atoms of hydrogen 
and one atom of oxygen will combine to form a molecule of water (H,0). Water is not an element 
but a “ chemical compound." The number of atoms in the molecule depends on the substance. In 
a molecule of salt there are two atoms; in a molecule of alum about 100 atoms. Examples of 
molecules which consist of only one atom are furnished by the rare gases of the atmosphere such as 
helium and neon. 

The number of different atoms is limited; it is believed to be 92 and the enormous number bf 
different substances, and therefore different molecules, in the world is giyen by var 5 nng combinations 
of this limited number. 
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29. The extremely small dimecisioaa of these divisions of matter axe sboiwn hy the following 
figures. 

The mass of the hydrogen atom is 1 *63 X lO"** gram. 

The diameter of the atom, regarding it as a sphere, is from about 2*4 x 10"* cms. toj5-0 x 10“* 
cms. ■ 

There are about 3 x lO* molecules of hydrogen in a gram of the substance. 

The average velocity of the hydrogen molecule at 15® C. is 1,694 metres per second. 

30. Atoms vary in mass and size, the hydrogen atom being the lightest. 

The atomic weight of a substance is the ratio of the weight of an atom of the substance to the 
weight of an atom of hydrogen. 

The atomic weight of oxygen is 16*, of sodium 23, of molybdenum 96, and so on. 

ATOMIC STRUCTURE. 

31. Atoms may be further sub-divided into their constituents, viz., Protons and Electrons, 
but these are quite different in their nature from matter as we normally conceive it. 

An electron is a minute particle of negative electricity which, when dissociated from the atom, 
of which it is a part, shows none of the properties of ordinary matter. All electrons are similar, 
no matter what tjq)e of atom they are associated with. It is important to realise that the electron is 
no thin g but electricity and is the smallest possible quantity of negative electricity. 

The charge of electricity we have called an electron is equal to 1-59 x 10~“ coulombs, so that 
there are 6-29 X 10“ electrons in a coulomb (paragraph 47). 

The radius of an electron is of the order of 10"“ cm. 

A proton is electrically the exact opposite of an electron. It also is supposed to be purely 
electrical in nature, but it consists of positive electricity. The proton and the electron are thus 
equal electrical charges, but of opposite sign. Due to some difference as yet unexplained, this has 
the effect of making the mass of the proton very much greater than that of the electron, so that the 
mass of an atom is, for all practical purposes, the mass of the protons it contains. 

The mass of the proton is 1 *63 X 10"** grams. 

32. The structural arrangement of these constituents in an atom appears to take the form of 
a central positive nucleus around which circulate a number of electrons in various orbits like the 
planets round the sun, except that these orbits are described in different planes. 

Fig. 3 is a conventional representation of this idea for the case 
of the copper atom, the orbits of the various planetary electrons 
being projected on to the plane of the paper. For clearness in the 
figure, only the outer parts of the outer dectron orbits have been 
drawn. They are continued, of course, roimd the nudeus. 

33. The hydrogen atom will be considered first, as it is the 
simplest. 

The nudeus of the hydrogen atom consists of a single proton, 
round which rotates a single electron in a planetary orbit. The 
atom is dectrically neutral, the charge of negative electricity, which 
is the dectron, being neutralised by the charge of positive electricity, 
which is the proton. The mass of the atom is almost entirely 
concentrated in the proton. 

The distance of the planetary dectron from the proton is about 
100,000 times the dimensions of the latter, and in more complex 
atoms the distances are of a like order, so that Fig. 3 must be 
understood to be a purdy^conventional drawing and not in any way 
drawn to. scale. 

34. The more complex atoms are made up in the same way of 
central nudd and surrounding dectrons. The nudeus itself, in 

* In practice atomic weights are referred to that of oxygen, taken as 16. On this basis the atomic weight 
of hydrogen is 1 'OOS, and not exactly vnity as would appear from the text. 



(26 PUuuiwy Electrons.) 
Fig. 8. 
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these cases, is not composed simply of protons, but of a combination of protons and electrons. For 
instance, in the case of helium, the central nucleus is made up of four protons and two electrons, 
while two other electrons revolve round it. In every case the atom is electrically neutral, e.g., 
in the case pf helium the charges on the four protons neutralise the four electrons. 

All atoms, and hence all molecules, all elements, all chemical compounds, and in fact the whole 
of matter, are merely different combinations of positive protons and negative electrons. 

The atomic weight is practically equal to the number of protons in the atom. 

The atomic number of an element is the number of surplus positive charges in the inner 
structure, or nucleus, and it is this quantity which determines the nature of the atom; it is also 
the number of planetary electrons. 

The largest known atomic number is that of uranium, which has 92 revolving electrons. Con¬ 
sequently, as was mentioned before, there are at least 92 different kinds of atoms. 

We shall take the more complicated example shown in Fig. 3 to illustrate this theory further. 

Copper has an atomic weight of about 64 and its atomic number is 29. 

That means that the nucleus of the copper atom contains 64 protons, while there are 29 outer 
electrons associated with it. As the atom is electrically neutral, there must be 64 — 29 = 35 
electrons in the nucleus, so the total composition of the central nucleus is 64 protons -f- 35 electrons, 
and it has an excess positive charge of 29 protons. 

The nucleus may conveniently be thought of as a charge of positive electricity concentrated 
at a point. 

The atomic number is generally about half the atomic weight. 

35. The planetary electrons revolve at inconceivably great speeds round the positive nucleus. 
Thus it is apparent that energy is associated with, and locked up in, every atom. 

Electrons from the outer revolving structures of some atoms can, as will be shown later, be 
caused to move from an orbit in one atom to an orbit in another atom, thus producing electrical 
phenomena. 

The statement that electricity is “ generated ” by a battery simply means that electricity, 
already in existence, is given a motion in a particular direction. A battery or dynamo docs not 
generate electricity in the wires connected to it any more than a pump which is impelling a stream 
of water in a pipe generates the water. 

THE ELECTRON THEORY OF ELECTRICITY. 

36. Ions and Ionisation. —Under ordinary conditions the electrons of any atom are firmly 
held in the atom and the positive and negative charges neutralise each other as far as effects external 
to the atom are concerned. 

In certain substances some of the constituent electrons describing outer orbits can be removed 
from the atom if sufficient energy is applied. The removal of such an electron does not alter the 
nature of the atom, but it alters its state of electrification and generally its chemical properties. 

An atom which has either a deficit or a surplus of electrons beyond its natural complement is 
called an ion " and is said to be ionised. 

If a neutral atom loses an electron, the atom becomes a positive ion because it is left with more 
positive than negative charges. 

If an electron is added to a neutral atom, the atom becomes a negative ion because it now 
contains an excess of negative over positive ch^ges. 

A positive ion will attract electrons and so will have a strong tendency to become a neutral 
atom again, while a negative ion will repel electrons and will readily part with the excess electron 
it has acquired. 

The process by which a neutral atom becomes ionised is called ** ionisation ” and can be 
achieved in varioiis ways. 

37. Positive and Negative Electrification.— A positively charged body is one whose 
atoms have a deficit of electrons. 

A negatively charged body is one whose atoms have an excess of electrons. 
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llxe amount of electrification depends upon the number of ionised atoms. Normally no single 
atom gains or loses more than one mobile electron. 

It will be seen from the above that, when the poles of a battery are joined by a metallic con¬ 
ductor, the “ electric cunent ” which flows “ from positive to negative,” in accordance with the 
ideas of the earlier experimenters, is really an electron current flowing from negative to positive, 
i.e., a surplus of electrons flowing to where there is a deficit so as to equalise the distribution. 

When a “ negative charge ” is spoken of, a surplus of electrons is meant; when a “ positive 
charge ” is spoken of, a deficit of electrons is meant. 

It is convenient to use the old method of treatment because of its greater familiarity, but in 
the explanation of certain facts, especially in the theory of the thermionic valve, the electron theory 
and the resultant direction of flow of the electron current is important and will be specially pointed 
out. 

Charged bodies exercise forces of attraction and repulsion upon charges and upon each other. 
If a positively charged body is placed in a gas in an ionised condition, in which both positive and 
negative ions and electrons may be present, it will attract the electrons and negative ions and repel 
the positive ions. 

38. Conductors and Insulators. —One of the earliest discoveries in the study of electricity 
was that certain substances, such as amber and glass, when rubbed with silk or flannel, acquired the 
property of attracting small light objects such as bits of paper or fluff. The experiment may be 
readily tried, for instance, with a fountain pen rubbed on the hair. Other substances, mostly 
metals, did not exhibit this property. The name “electricity ” is derived from the Greek word for 
amber. 

In terms of the electron theory, this is due to the transfer of electrons from the glass to the 
silk because of the friction created between them. The glass thus acquires a positive charge and 
the silk a negative charge. This transfer of electrons takes place in nearly every case where two 
substances are rubbed together. The distinguishing feature between silk and metals is that the 
silk possesses the ability to retain the extra electrons it receives, but if the metal is held in the hand, 
for instance, while performing the experiment, the electrons readily escape from it via the hand to 
earth, i.e., an electron current flows to earth. This gives a general division of all substances into two 
kinds when their electrical properties are under consideration. Conductors are substances which 
readily permit a flow of electrons to take place under the influence of electrical forces, and insulators 
are substances in which, under the same circimistances, there is no flow of electrons. 

No rigid line can be drawn between conducting and insulating substances. In practice the 
term “ insulator ” is applied to substances in which the flow of electrons is so minute compared 
with that in a good conductor that it may be considered as negligible. 

Examples of good insulators are dry air, ebonite, sulphur, mica, indiarubber, shellac, silk and 
oil; on the other hand, most metals are good conductors. 

39. Types of Electric Current. —^The explanation on the electron theory of the processes 
by which electric currents can flow in different substances makes it possible to classify such currents 
into three well-defined types :— 

(a) Conduction currents. 

\b) Displacement currents. 

(c) Convection currents. 

40. Conduction Current. —This is the type of current which flows in a metallic conductor 
such as a copper wire when it is connected to the terminals of a battery. 

If the representation of the copper atom in Fig. 3 is studied, it will be seen that one of the 
planetary electrons describes a much larger orbit than any of the others. In a piece of copp)er, the 
molecules are closely crowded and each preserves its average position. Its motion consists of a 
rapid vibration about this position. Under these conditions the outer electron of the copper atom 
is hkely often to come under as great an attraction from the nuclei of neighbouring atoms as that 
; which keeps it attached to its own nucleus. The result is that the outer electrons of various neigh¬ 
bouring copper atoms possess, as it were, a divided allegiance, and readily interchange the nudei 
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to which they are nonnally attached. While these changes are occurring, such electrons may be 
looked upon as free from the sway of any particular nucleus. They are therefore referred to as 
free or mobile electrons. 

If there are no external electric forces, this transference of electrons will not lead to anything 
which we can recognise as an electric current. The electrons are just as liable to transfer themiwlves 
from atom to atom in one direction as in another. This state of affairs is shown diagrammatically 
in Fig. 4 (a). The net transference of electricity in any particular direction is nil, and no electric 
current would be observed. 

Suppose now that by some means the free electrons, when transferring from atom to atom, 
were given a tendency to make their transfer in one particular direction. This is essentially what 
happens when a copper wire is joined between the terminals of a battery. On the average, more 
electrons will transfer in this direction (towards the positive terminal) than in any other. This 
is very roughly illustrated by the arrows in Fig. 4 (b). The tendencies t^t can be given in this way 
produce oidy small effects compared with the normal haphazard motion of the free electrons. It 
is unlikely that any one electron ever moves more than the distance between two neighbouring 
atoms, but the consequence on the large scale is to produce a slow drift of electrons in the direction 
of the positive terminal. It is this which we recognise as an electric current in the wire. 
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A Conducting Substance. 
Fig. 4. 


Conduction currents are thus due to the motion of free electrons. The atoms of the conductor 
do not alter their mean positions, as may easily be recognised. When a current is flowing along a 
copper conductor, copper is not transferred from one part of the conductor to another. The more 
free electrons a substance possesses and the “ freer ” they are, the better are its conducting 
properties. 

41. Flow of Alternating Current Through a Condenser.—In alternating current work, 
conduction currents may be made to flow in parts of circuits in which there are certain quite obvious 
breaks from the point of view of direct current electrical engineering. Fig. 5 represents an ordinary 

electric lamp joined to a source of alternating voltage through two 
condensers, AB and CD. If the alternating voltage is high 
enough, an alternating displacement of electrons will take place 
throughout the circuit, the lamp will be lit, and in every way it will 
appear that current is flowing “ through " the condensers, or across 
the breaks in the circuit which they represent. The explanation of 
the lighting of the lamp is comparatively simple. During the 
positive half cycles of alternating current, electrons rush from 
(say) the alternator towards A and away from D, charg ing 
A negatively and D positively; by electric induction across the gap, the excess of electrons on A 
produces a similar displacement of electrons away from B, flowing through the lamp toward C. 
Alternatively, instead of considering the electrons to be repelled from A they may & considered' 
to be attracted by the positive charge on D; in either case the result is the same. During the 
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negative h^f cycles the process is reversed, and electrons rush through the lamp from C towards 
B. Effectively, the lamp is lit by an ordinary conduction current, which alters in direction 
according to the motive force moving the mobile electrons. The matter only becomes complicated 
if one attempts to consider precisely what happens in the dielectric between the plates of the 
condenser. 

42, Insulators, Dielectric Displacement Currents. —In insulators, the number of free 
electrons is negligibly small compared with the number present in a good conductor. The planetary 
electrons in each atom at every point in their orbits come under a greater attraction from their 
own nucleus than from the nucleus of any neighbouring atom, and there is no interchange of planetary 
electrons between adjacent atoms. Thus, under the action of steady electrical forces no current 
flows in an insulating substance. 
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Fig. 6. 

The electrons in their orbits, however, must experience the same tendency as the free electrons 
discussed in paragraph 40. If the insulating substance is connected to the terminals of a battery, 
the electrons tend to move in the direction of the positive terminal. This “ external ” attractive 
force, together with the “ internal " attraction of the nucleus and the repulsion of the other 
planetary electrons, determines the resultant orbit which any particular electron describes. 
Compared with the orbit described by the electron under the atomic forces alone, this new 
orbit is displaced to some slight extent in the direction of the positive terminal. This is 
illustrated roughly in Fig. 6. Fig. 6 (a) shows the orbits of some planetary electrons, 
represented as circles whose centres are the nuclei of their respective atoms, when no 
E.M.F. is applied to the insulator. (The meaning of E.M.F. is explain^ in paragraph 49 ; for a 
moment it may be understood as a method of imposing motion in a particular direction on free 
electrons, such as is supplied by a battery). Fig. 6 (b) shows the orbits displaced as the result of 
an applied E.M.F. The amoimt by which the orbits are displaced from their normal positions 
obviously depends on the E.M.F. applied. The greater the E.M.F., the greater the displacement. 

As long as the E.M.F. is steady, the electrons will continue to revolve in the orbits to which they 
have adjusted themselves and there will be no continuous movement of electricity in any particular 
direction, i.e., no current. When the E.M.F. is altered, however, the electrons have to adjust 
themselves to a new orbit before settling down under the different conditions. This adjustment 
will be in the same direction for all the electrons and so will be observed as a momentary current 
during the time the E.M.F. is changing. Whenever, for instance, an E.M.F. is applied to an 
insulator, i.e., when the E.M.F. changes from zero to a certain value, a momentary current of this 
kind will flow. If an alternating E.M.F. (i.e., an E.M.F. whose value is always changing) is applied 
across an insulator, the electrons are never able to settle down, but are continually re-adjusting 
their orbits to agree with the variation in E.M.F. In other words, there is always a displacement 
of electrons in the insulator. These currents are called dielectric displacement currents, and 
are to be distinguished from free space displacement currents which are not dependent on the 
presence of moving electrons or other charged particles; free space displacement currents can 
exi$t between the plates of a condenser having a perfect vacuum as dielectric. 

Electric displacement has the same meaning as “ Flux density ” (paragraph 99). or the 
densi ty of the lines of force in the medium. In paragraph 41 it was shown that a conduction 
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current only flowed in certain parts of the circuit containing two condensers; the action of the 
force displacing the electrons apparently ceased at the plates of the condenser but produced an effect 
across them. 

Maxwell went into this matter somewhat deeply and, wishing to write equations for the current 
in a complete circuit containing capacity, he was led to the idea that the rate of change of flux 
density, which must be associated with the action of an alternating voltage across the space between 
the plates of the condenser, must really be equivalent to a current which he called a displacement 
current. In his equations, he therefore considered that the term representing the rate of change 
of flux density had the nature of a current; in this way, he arrived at the idea that a change of 
electric flux ^qugh an area produces a magnetic flux around that area, quite independently of the 
presence of moving electrons. This was one of his philosophical “ starting points " which led him 
further to the conception of the E.M. theory of the radiation of energy. 

Charged particles, if any are present, increase the displacement by increasing the flux by virtue 
of the flux they emit themselves and, in general, increase the rate^of change of flux density at a 
point. Displacement currents absorb energy, some of it being radiated away through space, and 
some dissipated in dielectric losses. In general, the total ciirrent in any material medium is the 
sum of the free space displacement current and the displacement cmrent due to the dielectric; 
mathematically, the A.C. circuit of paragraph 41 is continuous, the conduction current flowing in 
the wire, and the displacement current in the medium between the plates of the condenser. Here 
the matter must be left, for a full discussion on it is much beyond the scope of this book. 

In connection with dielectric displacement’currents, if the applied E.M.F. increases to such an 
extent that the nucleus cannot hold all its electrons against the powerful external attraction, an 
electron is pulled from the atom and a current of the type of paragraph 40 is established. By 
cumulative action a large current may be set up, and this eflect is called “ rupture of the dielectric," 
or its insulation is said to “ break down." 

43. Convection Current. —^This kind of current is due to the movement of electricity— 
electrons or positive and negative ions—through a liquid or a gas, or in a perfect vacmun. Common 
examples are the cmrents that flow through the chemical solution in a cell, across a spark gap and 
a Poidsen arc, and between the fllament and grid or anode of a thermionic valve. In each case the 
action is accompanied by ionisation, except in the case of the perfectly exhausted valve, where the 
convection current is nothing but electrons proceeding from fllament to grid or anode. Each of 
these types of convection current is fully dealt with in the chapters on these subjects. 

UNITS. 

'4^ The derivation and definition of the units used in studying electrical phenomena will now 
be given. They are built up to a large extent from ideas developed in the study of mechanics. 

The other primary consideration ih developing electrical units is based on the observed effects 
of electric currents, and these will now be dealt with. 

45. Effects of Electric Current. —The more important effects observed when an electric 
current is flowing are :— 

{a) The heating effect. — A wire carrying a current becomes heated. This property is 
made use of in electric radiators and lamps. 

(6) The magnetic effect. —wire carrying a current is surrounded by a magnetic field. 
This property is of very great importance, and its various effects are dealt with in 
due course. 

(c) The chemical effect.—^This occurs in chemical solutions. Electroplating is a com¬ 
mercial example of its use. It finds a practical application to wireless work in 
connection with primary and secondary batteries. 

The heating effect is not suitable for standardising purposes because of the difficulty of 
measuring quantities of heat accurately. 
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The magnetic effect is that on which the absolute electromagnetic unit of ciurent is based. 

The chemical effect gives the practical standard for measuring current. 

An account of the flow of electric current in chemical solutions is given below (paragraph 108). 
The passive of such currents is accompanied by the deposition of the substances composing the 
chemical in solution, and the amounts deposited are proportional to the ciirrent and to the time 
during which the current is flowing. Measurements of weight and time can both be performed with 
great accuracy, and so the chemical effect is very suitable for defining a standard current. The 
chemical used is silver nitrate dissolved in water, and the unit of current defined from it is called the 
International Ampere. 

The International Ampere is the unvarying electric current which, when passed through 
a solution of nitrate of silver in water, deposits silver at the rate of O-OOl 11800 gram per second. 

For measuring very small currents we use two other units:— 

The milliampere (symbol mA) = ampere. 

The microampere (symbol (lA) = ampere. 

Current is denoted by the letter I. 

The Coulomb.—The idea of a current or rate of flow implies the idea of quantity. Quantity 
of electricity is therefore defined as the amount passing when a certain rate of flow is maintained for 
a certain time. The quantity of electricity passing through any cross-section of a wire when current 
is flowing is, of course, merely the sum of the charges of all the free electrons crossing that section. 

Quantity is denoted by the letter Q. 

The coulomb is the quantity of electricity passing per second when the current strength is one 
ampere. 

Hence if a current of I amperes is flowing for / seconds, the quantity of electricity, Q, is given 
in coulombs by Q = If coulombs. 

Conversely, of course, an ampere is a rate of flow of 1 coulomb per second, and I = ^ • 

A coulomb is 6’29 x 10“ electrons. 

An ampere is a rate of flow of 6 *29 x 10“ electrons past a given point in an electric circuit 
per second. 

Example 1. 

If a current of 10 amperes flows for 5 seconds, then the quantity of electricity that passes a 
point in the circuit will beQ = Ixf=10x5 = 50 coulombs. 

A larger unit of quantity, used in connection with capacities of accumulators, for example, is 
the ampere-hour. This is equivalent to 1 coulomb per second (i.e., 1 ampere) for 3,600 seconds, 
i.e., 3,600 coulombs. 

Energy.—The derivation of the idea of energy is explained in any text book on Mechanics. 
The meaning of the principle of conservation of energy is important and also the transformation 
of energy from one kind to another in natural processes. Here we are concerned with the transform¬ 
ations that accompany electrical phenomena. 

When an electric current flows in a conductor the conductor becomes heated (paragraph 45). 
Heat is a form of energy, being due to the vibrations of the molecules of the conductor (paragraph 
27). It follows that the passage of current is associated with the transformation into heat energy of 
some other form of energy. We may give this form the name of “ electrical energy,” as it is con¬ 
nected with an electric current. This electrical energy is linked with the directed motion imposed on 
the free dectrons when a current is flowing (paragraph 40). The electrons acquire energy of motion 
duHng their journey from molecule to molecule under the action of the electric forces. When 
recaptured, part of this energy may help to set free another electron ; the rest is transferred to the 
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mdecxile and serves to increase the violence of molecular vibration, i.s, the electron’s Idnetic energy 
is converted to heat energy of the conductor. 

Some other form of energy must have been converted into this electrical energy or extra kinetic 
energy of the electrons, llie two commonest forms are chemical and mechanical. Chemical 
energy is converted to electrical energy when a primary cell or accmnulator sustains an electric 
current. The chemical reaction between the substances of the cell sets free a certain amount of 
energy (paragraph 109). Mechanical energy is the source of electrical energy from a d}mamo, the 
d}mamo armature being rotated by some mechanical arrangement. 

Electromotive Force and Potential Difference.—Suppose we consider a simple closed 
electric circuit, such as a conductor coimected between the terminals of a battery. There are 
two energy transformations going on concurrently. Chemical energy is being converted to electrical 
energy by the battery, electrical ener^ is being converted to heat energy in the conductor. (There 
will also be a conversion of electrical energy to heat, due to the flow of ions in the battery itself, but 
we may ignore it for the moment.) These two processes provide the basis of two important ideas 
in the description of electrical phenomena. 

Wherever there is introduced in any part of an electrical circuit another form of energy capable 
of being converted into electrical energy, we say that an electromotive force (E.M.F.) is acting in 
the circuit. 

If between any two points in a circuit electrical energy may be converted into any other form 
of energy, we say that a potential difference (P.D.) is established between the two points. Thus, in 
the simple circuit above, the battery is said to supply an E.M.F. as chemical energy is there being 
converted to electrical energy. Between any two points on the conductor electrical energy is being 
converted to heat energy; there is therefore a P.D. between any two points on the conductor. 

r 

. 56 . Electromotive Force (E.M.F.) is produced in four different ways:— 

‘(1) Chemical. By two dissimilar metals or other substances being immersed in certain 
chemical solutions known as electrolytes—such as the acids in primary and secondary 
cells. Chemical energy is transformed into electrical energy. 

This subject is treated further in paragraphs 107 to 127. 

(2) Thermo>electiic. By two dissimilar conductors being placed in contact and their 

jimction heated. Heat energy is transformed to electrical energy. A practical 
case is the thermal junction of steel and eureka wire u^ in some wavemeters. 

This subject is treated further in the section on wavemeters (Section W). 

(3) Electromagnetic. By interaction in certain circmnstances between a conductor and 

“ lines of magnetic flux,” t.g., in the dynamo, alternator, transformer. Mechanical 
and “ magnetic ” energy are converted to electrical energy. 

This is treated further in Chapters III, IV and VI. 

(4) Electrostatic. Various frictional machines produce the result required by converting 

mechanical energy to electrical energy. From our point of view this method is of 
no importance. 

^.^1. Units of E.M.F. and P.D.—^The energy transformations discussed above are used to 
derive units of E.M.F. and P.D. We shall first consider the unit of P.D. 

It has been seen that electrical energy is converted to heat energy between two points in a 
conductor carrying a current. Each free electron has approximately the same extra energy of: 
motion when recaptured by a molecule, and so the more electrons there are travelling round the 
circuit the greater will be the heat developed. We might thus take the amotmt of electrical energy 
converted per electron between any two points as a measure of the P.D. between the two points. 
Acttially, we consider the energy conversion per coulomb, as the coulomb and not the electron is the 
practice unit of quantity. The C.G.S. unit of energy is the " erg,” the work which can be done by 
a force of one d}me acting through a distance of one centimetre. This unit is inconveniently small 
and for electrical measurements a practical umt c^ed a ” joule " is used. One joule is equal to 
ten million fI(F) ergs. 
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The symbol used for energy is W (Work). 

The two units, the coulomb and the joule, are used to derive a unit of P.D., which Is called 
the “ volt." 

If the dmount of electrical energy converted to other forms of energy when one coulomb passes 
between two points of a conductor is equal to one joule, then the potential difference between the 
two points is said to be one volt. 

The symbol generally used for P.D. is V. 

■Thus, if two coulombs are carried from one point to another and the conversion of electrical 
energy is 5 joules, then the P.D. in volts between the two points is 


5 joules 
2 coulombs 


2*5 volts. 


More generally, if Q coulombs are carried from one point to another and the conversion of 
electrical energy is W joules, then the P.D. in volts between the two points is 

V = W -j- Q. 

Volts = joules ~ coulombs. 


It is not necessary for the coulombs actually to pass in order to find the P.D. If the electrical 
energy conversion which would occui' if one coulomb were allowed to pass, can be calculated, then 
the P.D. can be found from the formula above. This is the method eftiployed in electrostatic 
calculations of P.D. (paragraph 102). 


v52r The idea of electromotive force is also derived from the conversion of energy, and so the 
volt may also be used as the unit of E.M.F. 

If the amount of other forms of ener^ converted to electrical energy at any point of a circuit 
is one joule per coulomb of electricity which passes the point, then the E.M.F. developed at that 
point is said to be one volt. 

Thus, if a 2-volt accumulator is being used as a source of E.M.F. in a circuit, for every coulomb 
of "electricity that flows round the circuit (including .the accumulator itself), 2 joules of chemical 
energy are converted to electrical energy. 

It will be seen that the term electromotive “ force ” for this concept is rather unfortunate. 
The concept in electricity which corresponds most closely to that of force in mechanics is ‘‘ electric 
field strength,” which is discussed under Electrostatics (paragraph 97). The concept in mechanics 
with which E.M.F. and P.D. are best compared is that of potential energy per unit mass (head or 
level). 

As the volt is the imit of both E.M.F. and P.D., they are often both indiscriminately referred 
to as “ voltage," but the-identity of the unit must not be allowed to cause confusion between the 
two ideas. 


53. The above discussion brings 6ut the ideas underlying the definition of the volt, but their 
application does not provide a very convenient method of measurement. The definition of the 
International Volt is thus derived from a development of these ideas and will be given when that 
development has been explained (paragraph 60). 

Other units used are :— 

The millivolt (symbol »»V) = Yq^ 

The microvolt (s)anbol (iV) = volt. 

The kilovolt (s 5 mibol ^V) = 1,000 volts. 

-^4. Potential.—When the height of a mountain is referred to it is generally assumed to mean 
the vertical distance between the top of the mountain and mean sea-level. If it xyere given by 
different ob^rvers as the vertical distance from their own position, like the heights referred to 
bench marks by architects, the numbers quoted by these observers would merely give the difference 
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in height between the observer and the mountain top. This may be compared with P.D. in electricity. 
If we fix on one point in a circuit, then the P.D. between it and any other point depends on the 
position of the other point. 

It is found convenient in electricity to have an idea corresponding to mean sea levfel. Just as 
the difference in height between the top of a mountain and mean sea level is called the height of the 
mountain, so the difference in potential between a point in an electrical circuit and any point on the 
earth’s surface is called the *' potential ” of the point, the word “ difference ” being dropped. This is 
possible because there is no potential difference between any two points on the earth’s surface. If 
such a P.D. developed momentarily a current would flow until the P.D. had disappeared. 

In other words, the earth’s surface is taken as being at zero potential, just as mean sea level 
is taken as being at zero height. 

Many parts of the earth’s surface are below sea level, e.g., the ocean bottom. If heights above 
sea-level are taken as positive, then depths below it might be considered negative. A similar state 
of affairs occurs with regard to electriem potential. It may be positive or negative. 

A point has a positive potential if in the passage of a quantity of positive electricity from the 
point to earth electrical energy is converted to other forms of energy. 

A point has a negative potential if in the passage of a quantity of positive electricity from earth 
to the point electri^ eneigy is converted to other forms of energy. 

These definitions would be reversed if we considered what actually happens, viz., the passage 
of a number of electrons (negative electricity) between the point and earth. 

The distinction between potential and P.D. should be carefully observed. Thus, if a lamp has 
110 volts applied across it from the mains, the correct expression is that there is a P.D. of 110 volts 
across the lamp. If the negative main is earthed, it is permissible to say that the positive main is at 
a potential of 110 volts, for 110 volts is then the potential difference between the positive main and 
earth. 

55. Earth Return Circuits.—Advantage is often taken of the fact mentioned above that the 
earth’s surface is a good conductor, to utilise an “ earth return ” as part of a circuit. The hull of a 

For example, in Fig. 7 (a) the battery shown is 
being used to ring a bell. The positive terminal of the 
battery is joined to the bell through a switch, but 
connection from the negati^fe battery terminal is made 
by using an earth return between it and the bell. 

Sii^arly, in Fig. 7 (b) the dynamo is connected 
to a number of lamps in parallel tluough a single-line 
wire, but the return connection is made by earthing 
the negative dynamo brush and one side of the switch. 

This method of economising wire can only be used in oases when the insulation of the single 
conductor can be relied upon. 

If any earth were to develop on the line wire, as shown dotted, the dynamo would be short- 
circuited, an excessive current would flow, and the machine would be burnt out. 

The earth has such a large cross-section that its resistance can be neglected. If the earth 
return is found to have an imduly high resistance, the fault probably lies in the method in which 
connection is made to earth. 

Frequent use is made in W/T of earth connections. 

If a point in a circuit which contains a soiurce of E.M.F. is earthed, electrons may have either to 
flow out of, or into, the earth. For example, if in Fig. 7 (fc) the d 3 mamo is developing a P.D. of 
100 volts between its brushes, its positive brush will be at 100 volts potential above earth (or zero) 
potential. 

A positive electrification denotes a deficiency of electrons, so that in this case electrons will 
flow from earth through the lamps, in at the positive brush, through the d3mamo and back to earth 
at the negative brush. If the brush connections are reversed, the brush connected to the line wire 
will be at 100 volts potential negative to earth, and the electron current is reversed in direction. 


ship may also be used for this purpose. 
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56. Power.—^We have dealt with the total conversion of energy taking place between different 
points in a circuit without reference to the time involved, e.g., the time taken for a coulomb to 
pass from one point to another. The consideration of the time taken leads to the idea of power— 
the rate of working, or rate at which energy is being transformed. 

The unit of power derived from the erg, the C.G.S. unit of energy, is a transformation of energy 
at the rate of one erg per second. 

The practical unit of power is the watt, the rate of working when one joule of energy is trans¬ 
formed per second. 

The work done when a charge Q is moved through a P.D. of V is given by (paragraph 51). 

W = QV .... (where W will be in joules if Q is in coulombs and V in volts). 

Now Q =5 IT .... (a current I flowing for a Time T). 

W 

. •. W = VIT or Y = VI. 

W 

Now Y is the power (P), or rate at which work is done, and may be expressed in watts, or joules 
per second. Hence we have 

Watts = volts X amps. 

57. A power of one watt developed over a period of one hour will correspond to the transforma¬ 
tion of 

X 3 600 secs. = 3,600 joules, 
sec. ’ 

of energy. Tlxis amount of energy is taken as a unit called the watt-hour when a larger unit 
than the joule is required. 

1 watt-hour = 3,600 joules. 

A still larger unit of energy, the kilowatt-hour, is also employed, corresponding to a power of 
1,000 watts developed over a period of one hour, i.e., 3,600,000 joules. This unit of energy is 
known as the Board of Trade Unit (B.O.T.U.). 

Ohm’s Law.—If any given conductor is kept at constant temperature and the P.D. 
between its ends is compared with the current flowing in it, there is found to be a constant relation¬ 
ship between the two, e.g., if the current is doubled, the P.D. is doubled, and so on. 

We might anticipate some such relation on the electron theory of metallic conduction. Increas¬ 
ing the current means that the free electrons have to travel faster from molecule to molecule and so 
have a greater amount of kinetic energy to transfer to the molecules when recaptured, i.e., the con¬ 
version of energy per free electron and therefore the P.D. is increased. 

This relationship is called Ohm’s Law and may be stated symbolically as 
V 

y = constant, or V = constant x I. 

The constant is a measure of the difficulty the electrons And in escaping recapture by molecules; 
the greater the constant, the greater is V for a given I, i.e., the greater is the energy transferred to 
the molecules by the free electrons. It is a criterion of the opposition the conductor offers to the 
passage of current. It is failed the resistance of the conductor and denoted by the letter R. 

As we should expect, the constant is much smaller in conductors than in insulators. In other 
words, conductors have low resistance ; insulators have high resistance. 

Ohm’s Law may therefore be stated as:— 

^ = R or V = RI 

* . ■ 

It is true only for conduction currents and the particular type of convection current which 

flows ih chemical solutions. It does not hold for gaseous convection currents. Further, it o^y 
applies in the above form when the current is steady and cannot be used when the current is changing 
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If V » 1 when I ss ] in the formula V => RI, then R must also be equal to I if the formula 
is to be satisfied. 

This enables us to define a unit of resistance called the ohm. 

A conductor has resistance of one ohm if the P.D. between its ends is one volt, when the current 
flowing in it is one ampere. The symbol O (omega) is used as a contraction for ohm. 

Owing to the practical dififlculty of measuring the volt from the amount of energy transformed, 
this definition is not convenient for the standai^sation of resistances. Consequently, the logical 
procedure has been reversed, and the ohm has been defined for standardising purposes as the resist¬ 
ance of a certain conductor of dimensions adjusted to give it a value as nearly equal as possible to 
that of the ohm derived as above. 

SSo! The International Ohm. the standard ys^ue fixed by international agreement) is 
“ the resistance offered to an unvarying electric current by a column of mercury at the temperature 
of melting ice, I4’4521 grammes in mass, of constant cross-sectional area, 1 sq. mm., and of length 
106'300 cms. 

The following multiples of the ohm are frequently used :— 

1 megohm (symbol MO) = 10* ohms = a million ohms. 

I microhm (s 3 mibol |i O) = .4= or 10”* ohm 

lu* 

= a millionth of an ohm. 

By using Ohm’s Law a practical way of defining the volt for measuring purposes can now be 
derived. 

The International Volt is the P.D. between the ends of a conductor whose resistance is one 
International Ohm when the current flowing in the conductor is one International Ampere. 

These definitions allow accurate comparisons to be made of different resistances and potential 
differences. 

v61. Resistance Formula. —^The resistance of a conductor depends on its dimensions, its 
material and its temperature. 

We should expect this on the electron theory. The material determines the number of free 
electrons and its temperature gives a measure of the vibratory motion of its molecules, which is 
bound to affect the diance of recapture by the molecules of the free electrons. The greater the 
area of cross-section of a conductor, the more electrons will there be crossing any cross-section at a 
time. The longer the conductor, the greater the number of recaptures by molecules. Hence we 
find that the resistance of a conductor varies directly as its length and inversely as its cross-section. 

At constant temperature the resistance of a conductor may thus be written as 

R = P//A, 

where I is its length and A its cross-sectional area, p (rho) is the factor which takes account of the 
material of the conductor. It is called the specific resistance or resistivity of the material. If 
= I and A = 1 in the formula, then R = p. The specific resistance may thus be defined as 
follows;— 

r 

'^2. The specific resistance of a material is the resistance of a piece of the material one 
centimetre in length and having a cross-section of one square centimetre, usually called a centimetre 
cube of the mat^al. Since resistance alters with change of temperatture, the specific resistance is 
usually quoted for 20** C. 

Some specific resistances are, approximately :— 

Copper.1*7 microhms per cm. cube. 

Platinqm. ..11 „ „ 

Mercury .. .94 „ 

Manganin .44*5 „ ,, 

Insulators have enormously high specific resistances compared with the above. As was pointed 
out before the difference behraen condnctMt and insulators (in the practical sense of the word) is 
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merely one of degree. There are no perfect insulators in the sense of substances that allow absolutely 
no conduction current to flow, but the current is very wnall indeed for substances usually termed 
insulators. 

A column of air, one inch long, offers as much resistance to an electric current as a copper cable 
thirty thousand million million miles long, of the saune cross-section, i.e., a cable long enough to 
reach from the earth to Arcturus and back twenty times. 

When testing insulation resistance, for example, by the bridge megger (paragraph 190), it is 
the passage Of a very minute current through the insulating substance that allows the instrument to 
operate. 

Some specific resistances for insulators are :— 

Distilled water—7 x 10*® ohms per cm. cube. 

Silica—over 5 X 10“ ,, 

Mica—5 X 10“ 

V63. Temperature Coefficient.—In all cases the specific resistance depends to some extent 
on the temperature. 

For most materials it increases uniformly with the temperature, and the temperature 
coefficient is defined to be the fractional increase of resistance per degree increase of temperatirre 
above a definite temperature, usually taken as 20° C. 

Thus if a is the temperature coefficient for 20° C., and p is the specific resistaiice at 20° C., the 
specific resistance at 6° C. is given by 

p' (at 0° C.) = p {I -t- a (0° - 20°)}. 

The temperature coefficient of copper is 0-00393. 

The temperature coefficient of iron and steel is 0-006. 

Alloys have in general very much smaller temperature coefficients than pure metals, and so 
are used in the construction of standard resistances which are required to vary as little as possible. 

The temperature coefficient of German silver, for instance, is about 0-0004; of manganin 
0-000006. 

The temperature coefficients of carbon, glass and electrolytes are negative, i.e., their resistances 
decrease as their temperatures increase. 

In the formula R = p//A the various quantities must always be expressed in the appropriate 
imits, / in centimetres and A in square centimetres. 

If p is expressed in microhms per cm. cube, then R will be found in microhms. 

If p is expressed in ohms per cm. cube, then R will be fmmd in ohms. 

JSA~ Conductance is defined as the reciprocal of resistance, provided direct currents only are 
being considered. Its meaning is generalised when applied to the effects of alternating current. 

It is a measure of the ease with which current may flow through a conductor, as opposed to 
resistance which is a measure of the difficulty experienced by a current in flowing. 

The symbol for conductance is G, i.e., G = ^ for any conductor through which direct current 
is flowing. 

The unit of conductance is the “ reciprocal ohm ” or mho and is defined as the reciprocal of 
the International Ohm. 

The reciprocal of the specific resistance of a material is called its conductivity and given the 
symbol y (gamma). 

Example 2. 

Find (a) the resistance and {b) the conductance of a copper conductor 5 miles long and 0-08 
inch in diameter. 
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It is first necessary to reduce the various lengths and areas to the units for which the specific 
resistance is quoted, i.e., centimetres and square centimetres. 

5 miles = 5 X 1 ’61 kilometres = 8'05 x 10‘ cms. 

Cross-sectional area = ti x 0'04* sq. inches = 0-005026 sq. inches. 

= 0-005026 X 6-45 sq. cms. = 0-03242 sq. cms. 

p = 1 -7 X lO"* ohms per cm. cube. 


1-7 X 10-« X 8-05 X 10» 
0-03242 


0-03242 


= 42 Q approx. 


Conductance G = s’ = = 0-024 mho. 

R 42 


Resistances in Series. —Resistances are said to be in series when they are connected end 
to eifd as shown in Fig. 8. We wish to derive an expression for the total resistance (R) of a number 
of resistances in series in terms of the individual resistances (Rj, Rj and R3). 

In a closed circuit in which current is flowing it is not possible for electricity to pile up at any 
point. Thus in Fig. 8 the same current must flow through each of the three resistances. Suppose 

this current is I amps and that the total P.D. from A to D is V volts; 
A aa![!^a b ^ p in other words, when one coulomb passes from A to D the work done 
FT (heat energy produced) is V joules. The total resistance R is then given by 

E.M.F. = £. . ^ I ■ 

Internal resistance = r. according to Ohm s Law. 

PiQ, 8 The work done by one coulomb in passing from A to D can be 

divided into three parts, viz., from A to B, B to C, and C to D. If these 

three quantities of work are Vj, V, and V| joules respectively, then V = -f- V, -f V,. 

But by definition V^, V, and V, are the P.D.S in volts from A to B, B to C, and C to D. 
Therefore by Ohm’s Law Vj = IRi, V, = IR|, and V, = IR,. 

• • • V = V, H-V,V, = IR, -f- IR, + IR, = I (Ri + R,-f- R,). 


.-. R = T = R, + 


i.e., the equivalent resistance of a number of resistances in series is equal to the sum of their 
individual resistances. 


Example 3. 

Fig. 9 indicates a battery, whose internal resistance is 2 ohms and E.M.F. 10 volts, connected 
to a resistance of 3 ohms. (We may give a definite value to the internal resistance of the battery, 
i.e., the resistance of the chemical solution between its plates, because Ohm’s Law applies to such 
solutions.) Find the strength of the current. 

The total fall of potential round the circuit (including the battery itself) 
E M.F. 10 volts, must be the same as the E.M.F,, for all the energy converted to electrical energy 
Inurnal resistance from chemical energy finally appears as heat in the battery and extemd 
2 ohms. resistance. 



The internal resistance of 2 ohms and the 3-ohm resistance arc in series, 
and so the total resistance is 2 -f- 3 5 ohms. 

by Ohm s Law, Ij amps. 

This current, as mentioned above, must be the same at all points in the 
circuit. 
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There is a P.D. (also called a " voltage drop ” or " IR drop ”) between any two points in the 
circuit. From B to A in the external circuit a current of 2 amps, flows through a resistance of 
3 ohms, and so from B to A there is a voltage drop of 6 volts. 

A voltmeter connected across A and B read 6 volts. 

This is called the terminal P.D. of the battery. It obviously depends on the current flowing. 
The larger the current, the smaller the terminal P.D. because the IR irop in the battery is greater. 

More generally, if we have a battery of internal resistance r ohms and E.M.F. E volts sending 
current through an external resistance of R ohms, then by the above argmnent 

Similarly, if V in this case is the terminal P.D. of the battery, 

j _ V _ Terminal P.D. 

“ R External resistance 


and also I = 


E — V Voltage drop in battery 
r Internal resistance 


In other words, V is less than E, or some fraction of the energy supplied to the electrons is 
lost within the source of E.M.F. because of its internal resistance. 

66. Resistances in Parallel.—Resistances are said to be in parallel 
when arranged as shown in Fig. 10. At each end they are connected to 
a common point. The equivalent resistance of such an arrangement may 
be found as follows. 

Referring to Fig. 10, let the current flowing from the battery be 
I amps. The P.D. across each resistance must be the same, as it is the 
P.D. between the points C and D in the circuit. Let it be V volts. As 
electrons cannot accumulate at the point C, but must move on round the 
circuit, the sum of the currents Ij, Ijand I„ flowing in the three resistances 
Ri, Ra and Rj, must be equal to I, i.e., I = Ij + Ig + I,. 



Fig. 10. 


But, by Ohm’s Law, 


V V 


V 


'3 = R 


V V V r 1 1 11 

If R is the equivalent resistance of the whole arrangement, then 




r 1 , ‘ n 

R ^[Ri + Rg + R,/ 


R Ri R* 


■*’r,’ 


from which R may be determined. 

This result may also be put in the form 

G =a Gi + Gg + Gj 

where G is the equivalent conductance Gj and G, are the conductances of Rg, 

R, andR,. ^ 

\vL other words, the equivalent conductance of a number of resistances in parallel is equal to 
t^e sum of their individual conductances. 

The equivalent conductance is thus greater than any of the individual conductances, and so its 
reciprocal, the equivalent resistance, is less than any of the individual resistances. 
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The equivalent resistance of » equal resistances of value R arranged in parallel is given by — • 

ft 

With only two resistances Rj and Rj in parallel, a simple formula for the equivalent resistance 
can be obtained. 

I 


R Ri R, 


•. R = 


Ri ~|- R 2 

RiR. 

Rx Rg __ product of individual resistances . 
Ri + R, sum of individual resistances. 


”^7. Use of Shunting Resistance.—When only a small proportion of a given current is 
required in a particular path an alternative path of much lower resistance is connected in parallel. 

The total current then splits up between the two paths, and the 
latter takes the major part. This principle is frequently met with 
B in measuring instruments, e.g., anuneters, where the current required 

to flow through the instrument is very small. 

Let R„ be the resistance of the instrument and R, that of the 
shunt, and I„ and I, the currents through each. 


^ 1 

_yvAAAAA/WSA-l!I 

Fig. 11. 


I is the total current to be measured. 

The voltage drop between A and B (Fig. 11) is I, R, = I„ R„, 

R^R. 


= I X equivalent resistance 

R.^. 


R. X R„ 


I. 


I 


R« + Rm 

If R, is small compared with R,,, this current is a small fraction of I. 

For example, to measure a current up to 10 amperes with an ammeter reading up to 1 ampere, 
we should want only 1/lOth of the total current to pass through the instrument, 9/lOths going 
through the shimt. 

j _ J_ I _ I — El — 

"" 10 " ' R. + R„ 


R. _i 


' •R. + R« 


=jq» or R, = l/9th of R„ 


With this shunt resistance across the ammeter, any reading on the ammeter scale would 
indicate that 10 times that amount of current was flowing in the circuit. 

68. Examples on Resistances in Series and Parallel. 

Example 4. 


2oe t iMtm 900 A 






Fig. 12. 


500 

200 


Let 200 lamps, each of hot resistance 500 Q, be connected 
across 100-volt mains, as in Fig. 12. 

“• ^ 4. • V1 R 100 - 

Current m each lamp = ^ = 0 - 2 ampere. 

Total current (200 paths in parallel). 

= 200 X 0-2 amperes = 40 amperes. 

Alternatively, the effective resistance of 200 resistances in parallel, each 500 Q, is 
n 2-5 ohms. 

Total current *= ^ ='40 amperes. 
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Example 5. 


0-SSti 

AAAA/V 
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Five cells in parallel, each with a resistance of 0-25 ohm, 
are connected to an external resistance made up of 0*55 ohm in 
series with three resistances of 1 ohm, 4 ohms and 0'8 ohm in 
parallel. The E.M.F. of each cell is 1 *5 volts. Find the current 
in each cell, the current in the 0*55 ohm resistance, and the 
currents in the separate external resistances. 


0*25 

Total resistance of circuit = —=-f- 0-55 + R, 

5 

where R is given by 

I. = 1 + 1 + _L_2.5 
R = 0-4 ohm. 

.Total resistance = 0*05 + 0*55 + 0-4 = 1 ohm. 

E.M.F. is the same as that of one cell = 1- 5 volts. 

. •. Total current in the circuit is 1 -5 amperes. 

It follows that 

(1) Current through the 0'55 ohm resistance is 1 *5 amps. 

1 -5 

(2) The current through each cell is — 0-3 amp. 

The current through the separate parallel resistances is given by the P.D. across 
them divided by their values in ohms. 

P.D. across them is 1-5 x 0-4 ohms (their effective resistance) 

= 0*6 volt. 

^ 0-6 0-6 0-6 
.•. Separate currents are —, amps. 

i.e., 0-6, O'15, 0*75 amp., and the sum of these is 1 *5 amps., the total current. 

Power.—It was shown in paragraph 56 that the power developed in any part of an electrical 
circuit is the product of the current flowing in it and the P.D. across it. 


P = IV, 

or watts = amps. X volts. 

By the application of Ohm’s Law, expressions for the power may be obtained either in terms of 
current and resistance or of P.D. and resistance. 


(a) V = IR. 

... P = IV = I X IR = PR. 

V V 

ib) 1=^ ... P = IV = ^X V = 


Y1 

R ■ 


Thus, referring back to Example 3 (paragraph 65), the power developed in the 3 Q resistance 
may be calculated in any of the following three ways :— 

(1) Current (I) in 3 D resistance = 2 amps. 

P.D. (V) across 3 D resistance = 6 volts. 

.'. Power = IV = 2 amps. X 6 volts = 12 watts. 

(2) Current (I) in 3 £1 resistance (R) = 2 amps. 

. •. Power = I*R = 4 x 3 = 12 watts. 

(3) P.D. (V) across 3 £2 resistance (R) = 6 volts. 

V* 36 

' .'. Power = ^ watts. 
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The power loss in the internal resistance of the battery (2 Cl) is 

2* X 2 =* 8 watts, 

so that the total power which must be supplied to the circuit is 12 + 8 — 20 watts when 2 amps, is 
flowing. 

It is easily verified that this is the rate of working of the battery. 

£I — 10 X 2 = 20 watts. 

70. The meaning of such expressions as a “ 10 kW. 100-volt ” dynamo or a “ 4()-watt 220-volt ” 
lamp should be clearly understo^. 

The first ejq>ression denotes a dynamo which will supply a current of =100 amperes at 

100 volts pressure without being overloaded when rotated at its designed speed. 

40 

The second denotes a lamp which requires a current of 2 ^— O* 18 amp. at 220 volts to keep it 
burning at its designed brilliancy. 

71. The idea that I*R represents heat, energy, or even force, is very prevalent. This is quite 
wrong. I*R represents the rate at which light and heat energy are produced in the lamp, or the 
rate at which mechanical energy is turned out by the motor, or the rate at which a load is raised. 

A cyclist travels at 10 miles per hour. This does not tell us the distance he covers, but simply 
the rate at which he covers it. To know the distance traversed we must know the length of time 
for which he rides. 

Distance = rate x time = X 2 hours (say) = 20 miles. 

1 hour 

Similarly, when a certain power is employed for a certain length of time, an amount of energy 
—^in various forms—is available. 

Energy = Power x Time = El (or PR) watts x t seconds = Elf (or PRf) joules. 


Example 6. 

A 100-volt lamp of 500 ohms hot resistance is connected across 100-volt mains. Find the 
energy taken from the mains in one minute and the heat developed by the Icimp. 

E* ^ 

Energy = power X time = ^ joules per sec. x 60 secs. 


100 * 

'500 


1,200 joules. 


100 

or I = gQQ = 0-2 amp. 

Energy = Elf = 100 x 0*2 x 60 = 1,200 joules, 
or Energy = PRf = 0*2* x 500 x 60 = 1,200 joules. 

This amount of energy is converted into heat. The unit of heat is the “ calorie ” and 

1 calorie = 4*2 joules. 

1 200 

Thus, 1,200 joules = = 286 calories. 


Example 7. 

Ten accumulators, each having an E.M.F. of 2 volts and a resistance of 0*05 ohm, are to be 
charged with a current of 8 amps. 

Find the amount of energy stored in them in 15 minutes (assuming that their E.M.Fs. remain at 
2 volts) and the amount of b^t energy wasted. 
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E.M.F. of battery opposing applied E.M.F. => 20 volts. 

Resistance of battery = 0*05 x 10 = 0'5 ohm. 

Voltage to drive 8 amps, through battery resistance = 8 x 0*5 = 4 volts. 
Voltage to overcome back E.M.F. of battery = 20 volts. 

Hence required charging voltage = 24 volts. 

Energy stored up in 15 minutes in the form of chemical energy 
~E xlXt 

= 20 X 8 X (15 X 60) = 144,000 joules, 

or 20 X 8 watts x i hour = 40 watt-hours. 

Heat energy = E x I X / 

= 4x8xi = 8 watt-hours, 
or 4 X 8 X 15 X 60 joules = 28,800 joules 
28,800 

= = 6,860 calories. 


-.72. Kirchhoff’s Laws.—^These are generalisations of the ideas developed above which facilitate 
the calculation of the currents in a complicated arrangement of resistances. They are two in 
number. 

(1) Kirchhoff's First Law.—At any junction of resistances, the sum of the currents flowing 
towards the junction is equal to the sum of the currents flowing away from it. 

This merely expresses the fact mentioned above that electricity cannot accumulate at any 
point of a circuit (paragraph 65). 

( 2 ) Kirchhoff’s Second Law is a generalisation of Ohm’s Law. It states that in any closed 
circuit the sum of the E.M.Fs., reckoned positive in the direction of the current and negative in the 
opposite direction, is equal to the sum of the products of current and resistance in every part of the 
closed circuit. 

If the term “ vector sum ” is used, these laws become applicable to A.C. circuits. 


73. Wheatstone’s Bridge.—^This is a network of resistances which is in common use for the 
measurement of resistance, e.g., in the Bridge Megger (paragraph 190). Its theory will be con¬ 
sidered here as an example of the application of Kirchhoff’s Laws. 

Fig. 14 [a) shows the arrangement, Rj, 
R 2 , R 3 and R 4 are four resistances, one of 
which is unknown md whose value is to be 
determined. A current-measuring instrument 
G, whose resistance is R„ is connected as 
indicated and current is sent through the 
arrangement by the battery E of internal 
resistance Rj. 

We shall first obtain the equations for 
finding the current in any part of the circuit 
in terms of the, resistances and E.M.F., i.e., 
the various currents labelled Ij, Ij, I„ etc. 

The current flowing through the battery 
is taken to be I. At A this divides into two 
parts, Ii and Ij. Kirchhoff’s First Law states 
that I = Ij -h Ig. According to the values of 
Ij and Ig, current will flow through G either from B to D or D to B. It is assumed to flow from B to 
D in this case and to be of value I,. If it actually flows from D to B, I, will turn out to be negative 
in the solution, i.e., in the other direction to that assumed for it. 

Kirchhoff’s First Law then enables us to derive the currents in the other branches as labelled 
in the figure. 

X The next step is to apply the Second Law to each closed circuit in the arrangement. These are 
labelled (1), (2) and (3). [EABC and ABCD are also closed circuits, but it will be found that no 
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Fig. 14. 
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information is derived from them which is not contained in that given by the application of the 
law to ( 1 ), ( 2 ) and (3).] 

Circuit (1). The siun of the products of current and resistance, taking accoimt of direction, is 

R*I+R,I.+R, (Io + U 

The E.M.F. is E and acts in the direction of I. 

...R*H-R,I, + R,(Ia + I,) =E.(1) 

Circuit (2). There is no E.M.F. acting and so the sum of the IR drops is zero, 

i.c., R^I]^ ”1" R(lf — Rj ^2 “0- • • • • • • (2) 

Note that Is acts in the opposite direction round circuit (2) to that of and I, and so must 
be reckoned as negative if they are taken to be positive. 

Circuit (3) gives in a similar manner 

R,I, + R,(It + U-R4(Ii-I,)=0 .(3) 

These three equations, together with I = + I„ .(4) 

enable the values of I, Ij, I, and I, to be found in terms of the other quantities. As the solution, 
although straightforward, is rather heavy, it will not be worked out here. 

In measTiring resistance by the bridge megger, the values of the known variable resistances are 
adjusted until no current flows through the measuring instrument, i.e., in the above equations 
I,= 0. The relationship between the bridge resistances in this case may then be found as follows:— 

Putting I, = 0 in (2) and (3) gives 

Rjli — Rjl, = 0 , or Rjli = Rglj from ( 2 ) 
and Rjlj — R 4 I 1 = 0, or R,Ij = R 4 I 1 from (3) 

From these relations by division it is easily seen that 

Ri _^ 

R 4 “ Rs 

If three of these resistances are known, the fourth may thus be calculated. 

^ 74 . The Potentiometer.—It will here be of advantage to describe an instrument which has 
not been mentioned so far, but which is extensively used in receiving circuits, namely, the “ Potentio¬ 
meter.” 

A potentiometer, as shown in Fig. 14 ( 6 ), consists of a high resistance R connected across a cell 
Q, and provided with two tapping points, viz., the tapping C at the middle point of the resistance, 
connected to terminal D, and the sUding tapping E, making contact on any point in the resistance, 
connected to terminal F. 

The resistance R should be large enough to prevent the current passing through it from dis¬ 
charging the cell rapidly. In practice a resistance of 200-300 ohms is suitable, and will allow a 
2 -volt cell to maintain its voltage for many weeks with continuous working. 

If the voltage of the cell Q is 2 volts, then the P.D. between A and B will be 2 volts, and there 
will be a steady fall of potential along the whole resistance. 

The P.D. between A and C, and between C and B, will be 1 volt in each case. 

The P.D. between terminals F and D will depend on the relative position of the slider E to the 
point C. 

{a\ If E is opposite C, there will be no difference of potential between F and D. 

( 6 } If E is opposite A, there will be a P.D. of 1 volt between F and D, and F will be positive 
to D. 

(c) If E is opposite B, there will again be a P.D. of 1 volt between F and D, but D wUl be 
positive to F. 

Hence, as E is slowly moved from A to B, the P.D. across any circuit joined between F and D 
will vary from a maximum in the direction F to D, down to zero, and up to a maximum in the 
direction D to F. 
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In short, a potentiometer is an arrangement for varying the strength and direction of voltage 
applied to any circuit joined across it. 

It should be noted that the resistance of the external circuit is in parallel with the resistance 
of the potentiometer between C and E. This will modify the actual values of the P.Ds. quoted 
above, but the principle remains the same. The higher the resistance of the external circuit, the 
more nearly do the above values represent the true state of affairs. 

An alternative arrangement for wiring a potentiometer, if the resistance has no centre tapping 
point, is shown in Fig. 14 (c). 

The terminal D is now joined to the centre point of the battery Q. The left-hand cell is trying 
to force a current through the resistance between A and E, and through the outside circuit in the 
direction of F to D. 

The right-hand cell is trying to force a current through the outside circuit in the direction D 
to F, through the resistance E to B. 

The resultant current will be the difference between the two, i.e., if the resistance A to E is less 
than the resistance E to B, current in the outside circuit will be from F to D and vice versa. 

As there is a resultant current in the outside circuit, a steady voltage will be applied across this 
circuit, equal to its resistance multiplied by the resultant current flowing. 

LAMPS. 

75. Incandescent lamps are rated by their voltage, power and candle power. There are three 
types in common use—carbon filament, metallic filament, and “ gas-filled.” The bulb of the 
ordinary metallic filament lamp is evacuated ; the gas-filled lamp has its bulb filled with an inert 
gas such as argon. The filaments of both are usually made of tungsten. These two kinds are of 
more modern introduction and, though perhaps more costly, are more efficient (as regards con¬ 
sumption of electrical energy) and do not blacken as do carbon lamps, owing to deposition of carbon. 

Each type is referred to as consuming so many " watts per candle power.” Carbon lamps take, 
roughly, 3 ’5 to 4 watts per c.p., whereas metallic filament lamps vary, roughly, from 1 to 2 watts per 
c.p., and gas-filled lamps take i watt per c.p. 

The two latter consume less power to give the same amount of light, and hence are more efficient. 
Example 8. 

A 220-volt 32-c.p. metallic filament lamp of efficiency 1 • 7 watts per c.p. is burned from 220- 
volt mains ; find what current it takes. 

Watts supplied = 32 x 1 *7 = 54-4 = El. 

I _ _ = __ == 0-247 amps. 

For general lighting purposes metallic filament lamps are preferable, but for accumulator 
charging on a small scale, where lamps in parallel are used to regulate the charging current, carbon 
lamps are preferable, eis they pass more current, and fewer are required. 

MAGNETISM AND MAGNETIC FIELDS. 

76. Permanent Magnets.—Pieces of a certain natmal iron ore, called lodestone, are found 
to exercise on each other forces of attraction or repulsion, which vary according to definite laws. 
These are called permanent magnets. When freely suspended by a piece of silk fibre, any sucffi 
permanent magnet sets itself in a definite direction with regard to the North and South Magnetic 
Poles of the Earth. That end which tends to point towards the North Magnetic Pole is termed the 
“ North-seeking ” or “ North ” (N) pole of the magnet, and that end which tends to point towards 
the South Magnetic Pole of the Earth is termed the " South-seeking ” or “ South ” (S) pole of the 
magnet. 

The magnetism inherent in the magnet is found to be more concentrated towards the ends, so 
that for purposes of investigation each end can be considered as a magnetic pole of a certain polarity; 
the longer and thinner the permanent magnet, the more is this assumption justified. 
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This concentration of magnetism at the ends or poles gives them the property of attracting 
small pieces of iron. Either end of a small piece of iron is attracted by either pole of a permanent 
magnet, and we shall see that this is explained by the fact that the iron, supposed unmagnetised 
at the start, is made into a temporary magnet under the influence of the permanent magnet, and the 
resultant attraction is simply an example of the general forces of attraction and repulsion which 
exist between magnetic poles. 

Permanent magnets can be produced artificially by bringing a bar of steel under the influence 
of magnetising forces. A common example of a permanent magnet is a compass needle. 


77. Laws Governing Magnetic Action.—^The forces of attraction and repulsion can be 
studied by suspending two magnets by pieces of silk fibre and bringing them close to each other. 

It is found that:— 

(1) Like poles repel, imlike poles attract, each other. 

(2) The force exerted between two poles is inversely proportional to the square of the 

distance between them. 


The magnitude of the force exerted gives rise to the idea of pole strength. Two poles are said 
to have equ^ pole strengths if the forces they exert on another pole at the same distance in the same 
medium are equal. By the use of the C.G.S. units of force and distance, the dyne and the centi¬ 
metre, a definition of unit pole strength is then obtained. If two poles of equal strength, when 
placed 1 cm. apart in a vacuum, exert on each other a force of one dyne, they are said to possess 
unit pole strength or to be unit poles. A tmit North pole is taken as the positive unit, and so 
a unit South pole has a pole strength of — 1. 

(3) With this definition of the strength of a unit pole, it is found that the force between 
two poles is proportional to the product of the strengths of the poles. 


Combining these results, it may be stated that if two poles have strengths and i.e., they 
are and times a unit pole, respectively, and they are placed d centimetres apart in vacuo, the 
force between them will be 


mitn^ 

~dr 


dynes. 


(4) The two poles of the same magnet have the same strength. 


The results of (2) and (3) above are modifired if the medium between the poles is other than a 
vacuum, according to a property of the medium called its “ permeability.” 

Permeability is denoted by the letter ji, and wiU be investigated further in the following 
paragraphs. 

The formula of section (3) becomes, for an intervening medium with permeability |x. 

It will now be seen that the unit magnetic pole defined above is derived on the basis that the 
permeability of a vacuum is unity (|i *= 1). We can only compare the relative permeabilities of 
various media, and so this has been adopted as the simplest assumption for investigating magnetic 
phenomena, but it introduces an arbitrary element into the system of units developed from the 
unit magnetic pole. This system is called the electromagnetic system of units. The unit pole 
defined above, for instance, is called the electromagnetic unit (E.M.U.) of pole strength. 


78. The Ma^etic Field.—The magnetic field is the space in the neighbourhood of a magnet 
or magnets in which the forces of attraction and repulsion mentioned above can be observed. If a 
small magnetised compass needle is introduced into such a field and freely suspended, the various 
{forces of attraction and repulsion acting on its two poles wiU have some resiiltant effect, so that it 
will settle in some position of equilibiium and its N. (or S.) pole will point in some definite direction. 
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The direction in which its North pole points is by convention taken as the direction of the field. 

As the compass needle is moved from one position to another 
in the held, the direction in which it points varies, so that the 
magnetic held has a varying direction. If the magnetic held 
we are considering is produced by one bar magnet, and the 
small compass needle we are to use as our indicating device is 
brought very near to the N. pole of the bar magnet, the N. 
pole of the needle will point directly away from the magnet. 
If the compass needle is then moved carefully along the 
direction in which its North pole is pointing, that direction 
will continuously vary, and the path traced out by the 
compass needle will come round to the South pole of the bar 
Fio- 15. magnet. The tangent to this path at any point is the direction 

of the magnetic held there. By starting at different points, a 
series of different paths can be obtained, with the result shown in Fig. 15. 

The curved paths above are known as Lines of Magnetic Force, and they denote the direction 
of the held. 



79. Magnetic Fields Produced by Electric Currents.—So far we have only considered so- 
called permanent magnets, which are either natmal magnetic ores or, for example, bars of steel 
which have been artihcially “ magnetised.” An explanation of the latter process is bound up with 
the investigation of the effect of an electric current In setting up a magnetic field, which we 
now go on to consider. 

It was mentioned in paragraph 45, as one of the effects of electric currents, that a wire carrying 
a current, i.e., electricity in motion, sets up a magnetic held around it. This held is composed of 
lines of force which are in the form of concentric circles round the wire carrying the current, both 
inside and outside the conductor. {See Fig. 16.) 


In other words, a small compass needle in the vicinity of a current-carrying conductor is acted 
on by exactly the same type of forces of magnetic attraction and repulsion as if it were brought 
near to a bar magnet. 



Magnetic Field round a Conductor carrying a Current. 


Fig. 16. 


The direction of the magnetic held is shown 
by the two hgures 16 (c), below, which are end-on 
views of the conductor. The left-hand figure 
illustrates an electric current howing away from 
the reader, in which case the positive direction of 
the lines of force is in a clockwise direction. 

The right-hand hgure illustrates an electric 
ciurrent howing towards the reader, in which case 
the positive direction of the lines of force is in a 
counter-clockwise direction. 

The symbol is meant to illustrate the 
tail-feathers of an arrow going into the conductor, 
i.e., a current receding; and the symbol Q the 
point of an arrow coming out, i.e., a current 
advancing. 


The magnetic field is strongest at the surface of the conductor, and its diminishing intensity is 
roughly lUustrated in the hgures by the distances between successive lines. 


The standard rule for determining the relation between direction of current how and direction 
of the field is that they bear the same relation to one another as the direction of movement and that 
of rotation of an ordinary corkscrew. 
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(b) 


Attraction 


If the wire carrying the current is wound in a loop, 
in the same direction, as shown in Fig. 18. 


80. Resultant Magnetic Fields.-^ 

If two wires carrying currents are placed 
parallel to one another the resultant 
magnetic field will be as indicated in Fig. 
17 (a), if the currents are in opposite 
directions, or as indicated in Fig. 17 (6) 
if they are in the same direction. 

In the first case the wires tend to 
be pushed apart, and in the second case 
to come together. 

thts lines of force all pass through the loop 



I I 

Fig. 18. 


A coil of wire is simply a number of continuous loops, and a current 
sent through such a coil produces lines of force in a lengthwise direction 
through the coil, emerging at the ends, and completing the magnetic circuit 
through the surrounding medium. The diagram. Fig. 19, shows how the 
concentric lines of force merge together to give the resulting field. 

Every line of force is closed on itself, and in our original investigation 
of a bar magnet this statement is justified by assuming the lines of force, 
which experimentally can only be plotted outside the magnet, to continue 
from the S. pole of the magnet to the N. pole inside the magnet itself. 


81. A cod of wire carrying a current and so having a magnetic field as shown is called a sole¬ 
noid (from the Greek, meaning “ a pipe-like " coil). The end of the coil from which the lines of 
force emerge is termed its NORTH POLE and the end at which they enter is termed its SOUTH 
POLE, just as in the case of the bar magnet. 



FiM round Solenoid. 
Fig. 19. 


The “ end rule '' or “ clock rule " for determining the polarity of a coil is :—“ Look at one end 
of the coil: if the current flows in a clockwise direction then that end will have south polarity; 
if anti-clockwise, north polarity.” 

This is illustrated in Fig. 20, the arrows on the letters S and N being, as shown, indicative of 
the current being clockwise or not. 

Another useful rule is the right-hand “ gripping rule ” :—“ Grip the 
coil or solenoid with the right hand, wrapping the fingers round it in the 
direction in which the current is flowing; extension of the thumb in the 
direction of the axis of the coil indicates the end having north polarity.” 

It should be obvious that the solenoid produces exactly the samf 
distribution of magnetic field as the bar magnet—^in other words, as 
long as the solenoid is carrying current, it js an electromagnet. 


S) 

Fig. 20. 
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82. Molecular Theory of Magnetism.—^This similarity between the magnetism produced 
by an electric current and that produced by a permanent magnet leads to the conclusion that it is 
the same fundamental cause that is operative in the two cases. An electric cmrent is nothing 
but a movement of electrons in some definite direction, and the magnetism of the permanent magnet 
is due to the fact that the electrons which revolve round the nucleus of the atom do so in a less 
haphazard way than in a non-magnetic substance. The electrons rotating round the nucleus of 
any atom set up magnetic effects, because they constitute a current of electricity. Each molecule 
is thus effectively a small magnet, or equivalent to a small current-carrying coil. In non-magnetised 
substances the molecules lie “ anyhow,” so that the minute magnetic field due to any one of them 
is neutralised by the field of some other one, which is in such a position that their fields oppose and 
annul each other. 

In a magnetised substance, however, it appears that a large proportion of the molecules have 
their axes pointing in the same direction, so that their magnetic fields are in the same direction and 
therefore additive. 


ReCTANCLES RePRESENT MOUCUUES. 


(<t) 


Illustrating Magnetisation. 

Fig. 21. 

When a substance is completely magnetised, all the molecules have their axes turned in the 
same direction and the resultant effect is strongest. These conditions are illustrated in Fig. 21, 
the three diagrams representing non-magnetised, partially magnetised, and completely magnetised 
substances. When completely magnetised a substance is said to have attained “ saturation.” 

83. Induced Magnetism.—If a piece of magnetic material, say, soft iron, is introduced into 
the magnetic field of a solenoid, it becomes magnetised by “ induction.” Under the influence of 
the magnetic field, the elementary magnets, the molecules of which it is composed, tend to come 
into the definite arrangement referred to in the last paragraph, and so the soft iron itself is a 
temporary magnet, as long as the current which produces the effect is kept flowing. 

As a result the following effects are noticed :— 

(1) The strength of the original magnetic field is increased, due to the fact that the magnetic 

effects of the constituent molecules of the soft iron now act in conjunction with the 
magnetic effect of the current in the coil. 

(2) Forces of attraction and repulsion are operative between the solenoid, whjch is, as 

we saw, a magnet, and the soft iron, which is now a temporary magnet. 

(3) The iron tends to move from weaker to stronger parts of the field. 

When the piece of soft iron is removed from the magnetic field, or the current is cut off, it 
loses most of the temporary magnetisation it has acquired. 

Similar effects are observed if steel is substituted for soft iron; but, for the same inducing field, 
the induction in steel is less than in soft iron, and the residual magnetism immediately after the field 
is removed is also smaller. It is found, however, that heating to red heat, mechanical disturbance, 
or the mere passage of time has less effect on magnetised steel than on magnetised soft iron. Steel 
is therefore a more suitable material for the construction of permanent magnets. 

The term “ retentivity " is used to describe the property of retaining magnetism after the 
magnetising field has been removed. 

, All materials do not give the results quoted in this paragraph. The substances, such as iron, 
steel and nickel, which show magnetic properties strongly when subjected to a magnetising force, 
are called fenro-ma^etic. 





Cb) 


(c) 
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Substances which show magnetic properties to a very slight degree are called para-magnetic, 
and those which act in the opposite way—that is, diminish the strength of a magnetic field when 
placed in it, are termed dla-magnetic. 

The latter two characteristics are of little practical importance in our study of electro-magnetism. 

84. Field Strength.—So far we have dealt very little with the quantitative aspect of magnetism, 
and in paragraph 78 only considered the direction of the magnetic field without reference to its 
intensity. The intervening paragraphs have been concerned with a descriptive account of 
phenomena which must now be investigated more strictly. 

The Intensity of the magnetic fidd at any point is the force in d 3 mes acting on a unit pole 
placed at that point. 

This is also referred to as the Magnetic Field Strength at the point, and is denoted by the 
letter H. It is measured in dynes per unit pole, sometimes called “ gauss.” 

Unit field strength exists at a point where the force on a unit pole equals one dyne, and 
therefore unit field exists at a distance of one centimetre in vacuo from a unit pole. This is the 
electromagnetic unit. The field strength at a distance of one centimetre from a unit pole in a 

medium of permeability jx is - gauss or dynes per unit pole. 

85. Lines of Magnetic Flux.—It has been seen that the direction of the magnetic field strength 
at any point in the field is quite definite, being given by the tangent to the “ line of magnetic force ” 
passing through the point. In other words, the force of attraction or repulsion on a magnetic pole 
is fixed, both in magnitude and direction, at any point of the field. 

To provide some picture of how such “ action at a distance " may take place, it has been found 
convenient to look upon the “ lines of magnetic force ” as if they had a physical existence, and to 
regard them as if they were in the nature of tentacles which a magnetised body shoots out into the 
space aroimd it, and which act directly on other magnetised bodies in the neighbourhood and pull 
and push them about. It has further been found possible to give a quantitative significance to the 
number of these tentacles in any part of the field. They are then called “ lines of magnetic flux.” 


86. Magnetic Flux.—The two quantities with which we might relate a number of “ lines of 
magnetic flux ” for quauititative purposes are :— 

(1) The strength of the magnetic pole producing them. 

(2) The mechanical forces which are exerted on poles at various parts of the field, i.e., 

the magnetic field intensity. 

The latter suffers from the disadvantage that it changes abruptly in value when the medium 
chaises, so that if, for instance, a piece of iron were in a magnetic field mostly consisting of air as 
medium, and if we identified a number of lines with field strength, we should be forced to assume 
that many of the “ tentacles ” vanished at one edge of the iron and only reappeared at the other 
edge. Their existence in the iron would have to be denied, as the field strength in the iron is very 
much less than in the surrounding air. 

It has been found more convenient to assume that these lines of magnetic flux are continuous 
and their number independent of the medium, and for this reason the number of lines is derived 
from the strength of the magnetic pole from which they set out. Their direction, of course, at any 
point is the direction of the magnetic field at that point, i.e., the direction of the “ lines of magnetic 
force," 


87. The Unit of Flux.—In the field round a unit pole concentrated at a point, the field strength 


is the same at all points the same distance away from the pole (H 


at a distance r). All such 


points lie on a sphere whose centre is the unit pole, and the direction of the field is radially out* 
waxds. The lines of magnetic flux thus are straight, and (hverge radially from the pole like the 
^p(gEes of a whecsl (in three dimensions). The surf^ area of a sphere of radius r is 4 tu^, and so the 
surface area of a inhere of I cm. radius is 4 tc sq. cms. 
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The niunber of lines of magnetic flux emanating from a unit pole is taken to be such that one 
line goes through each sq. cm. of the surface of a sphere of radius 1 cm. described about the pole as 
Centre. 

Thus, for a pole strength of three units, three lines would go through every sq. cm. on the smiace 
of such a sphere. 

In the case of a unit pole, the total number of lines crossing this sphere is 4tz, i.e., 4n lines of 
magnetic flux emanate from a unit pole. 

Lines of magnetic flux used as quantitative units in this way are usually called “ lines.” 
The name “ Maxwell ” for this unit has also been suggested. It is an E.M.U. 

The total number of lines of magnetic flux passing through any area is called the ** flux ” 
through that area and denoted by the letter <!> (phi). 

TTie “ flux density ” or “ magnetic induction ” at any point in a magnetic field is the flux 
passing through an area of 1 sq. cm. at right angles to the direction of the field at that point. It is 
denoted by B. B is thus measured in lines per sq. cm. or Maxwells per sq. cm. <I) = BA for an 
area A, which the flux <1> (of uniform density B) crosses at right angles. 


88. Relation between Flux Density and Field Strength.—From the derivation of the 

“ line " it wfll be seen that the flux density at a 



distance of 1 cm. from a imit pole is B = I line 
per sq. cm. The field strength in vactw at this 
distance is H => 1 gauss. Thus, in vacuo, B = H 
numerically. 

In any other medium the field strength at 

a distance of 1 cm. from a unit pole is H = - 

gauss, where {x is the permeability of the medium. 
B is unaffected by the medium and depends only 
on the pole strength, i.e., B is still 1 line per sq. 
cm., and so B = jiH in a medium of permeability 
|i, i.e., the permeability (x now appears as the 
numerical ratio of the flux density to the 
magnetic field strength at any point in the field. 

B 

|i-H 

This ratio of flux density to field strength, 
or permeabihty, fi, differs widely for different 
substances, and it is variable in value for the 



same substance. In the case of iron it may vary 
with the quality of the iron, the value of B, and 
the temperature of the iron. 

The distinction between materials drawn at 
the end of paragraph 83 can now be explained 
more accurately:— 

Ferro-magnetic materials, such as iron, 
steel, nickel, cobalt and their alloys, have a 
high and variable value of ji. It may vary 
between, say, 200 and 1,000, for some specimen, 
but these numbers are simply indicative of its 
order of magnitude. 

Para-magnetic materials, such as the 
ordinary non-magnetic metals, copper, aluminium, 
etc., have values of p which are constant and 
very little greater than unity. 


FXo. 22. 
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Dia-magnetic materials, such as bismuth, have (i constant and very little less than unity. 

In practice, we may neglect the deviation of {x from unity in all substances except the 
ferro-magnetic ones. In other words, for all substances, except ferro-magnetic substances, it may 
be taken that B, = H, numerically. The units of B and H are, of course, quite different (the 
line per sq. cm. and the gauss respectively) as they represent different properties of the field. 

A curve of B against H for a ferro-magnetic material is shown in Fig. 22, and also a per¬ 
meability curve, showing variation of (x with B. 

89. Hysteresis.—^The property of steel already referred to as reUntiviiy is a special case of 
a more general property exhibited by ferro-magnetic materials and known as hysteresis. This 
property may be studied by winding a coil of wire roimd an anchor ring of some ferro-magnetic 
metal, say, cast steel, and sending a current through the coil. It will be seen in the next paragraph 

that the field strength in the ring is proportional to the current. 
Instruments for measuring flux directly are also available. Thus, 
corresponding values of flux and magnetising current may be 
measured, and the equivalent values of B and H obtained from 
them. The curve OPQ in Fig. 23 is obtained in this way by 
gradually increasing the current from zero to a certain value and 
measuring the amoimt of flux produced by various currents. 

If now the current is gradually reduced from its maximum 
value, the flux density does not diminish along the same curve as 
it increased, but along QR. When the current is reduced to zero, 
there is a residual magnetisation, shown in Fig. 23 by OR, and if 
the current is then increased in the opposite direction and a 
complete cycle of cutrent changes completed, the flux density curve 
assumes the shape of the loop QRSTUVQ. 

The magnetisation may be said to lag continually behind the magnetising force, and the word 
Hysteresis, meaning “ lagging behind,” is used to describe this effect. It can be proved that the 
area of the Hysteresis Loop is indicative of energy loss, and is a definite factor to be considered in 
all apparatus where changing currents set up changing states of magnetisation. The energy is 
expen^d in heating the iron. This property is common, in var 3 dng degrees, to all ferro-magnetic 
substances. 

The electromagnetic unit of current is derived from the magnetic field at the centre 
of a single circular loop carrying a current, such as is shown in Fig. 18. It will be seen that the field 
inside the loop due to the current is in a direction coming out of the plane of the paper. At the 
centre of the loop the direction of the resultant field is perpendicular to the plane of the paper; its 
magnitude is everywhere proportional to the ciurent flowing in the loop. The E.M.U. of field 
str^gth has already been defined (paragraph 84) and the measurement of field strength in dynes per 
unit pole explained. The E.M.U. of ciurent is based on such measurements. 

The E.M.U. of current is such that when flowing in a circular loop of wire of radius 1 cm., 
the magnetic field it produces at the centre of the loop is 2Tt dynes per unit pole. 

The “ 27t ” appears because 2n cms. is the leng^ of the circumference of the circular loop 
specified in the de&iition. Every small part of the loop contributes equally to the resultant field 
at the centre, so that any one cm. length of the circumference contributes one djme per imit pole to 
the total. The E.M.U. of current may therefore be based directly on the E.M.U. of field strength 
by a rather more artificial definition as follows:— 

The E.M.U. of ciirrent is su^ that when it flows in a conductor of length 1 cm. shaped into an 
arc of a circle whose radius is 1 cm., it produces at the centre of the circle a field of one dyne per tmit 
pole. 

The E.M.U. of current is rather a large current, and the ampere or practical unit was originally 
taken to be one-tenth of it. 

i.t., 1 E.M.U. s: 10 amperes. 



Fio. 23. 
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Later, when the International Ampere was defined from the chemical effect for standardising 
purposes, its value was arranged to be as nearly as possible 0* 1 E.M.U. This was the reason for 
choosing what seems otherwise such a peculiar amount as 0*001118 gm. silver in the definition of 
the International Ampere. It follows Erectly from the above that 

1 E.M.U. of quantity of electricity = 10 coulombs. 


Unit P.D. on the E.M. system is the P.D. between two points when the work done in carrying 1 
E.M.U. of quantity from one point to the other is 1 erg. 


1 E.M.U. of P.D. = 


1 erg 


1 E.M.U. of quantity 
1 jotJe 1 


-1^7 joule 
10 coulombs 


= volt, 


lO® coulomb 
or 1 volt = 10» E.M.U. of P.D. (or E.M.F.). 

The E.M.U. of resistance may now be compared with the ohm. 

1 volt _ 10«^E.M.U. of P.D. 


1 ohm = 


' E.M.U. of current 


= 10® E.M.U. of resistance. 


91. Field Strength Inside a Solenoid.—It can be proved that, if I is the current in amperes, 
N the number of turns in the solenoid, and I the mean length of the path of the lines of force measured 
in centimetres, the field strength inside a solenoid is uniform and given by 


H = 


4n IN 
lOf 


1*257 


IN 
I ■ 


By definition, this is the force in dynes which would act on a unit magnetic pole placed inside 
the solenoid. 

Theoretically this is only true for an infinitely long, uniformly wound solenoid, or for a uniformly 
wound annular solenoid. 

The latter case is an important one in practice, and such a solenoid, as illustrated in Fig. 24, 
is known as a Toroid, or Toroidal Coil. For such a coil if the cross-section is small compared 
with the radius, the field strength can be taken as uniform over the cross-section. 


92. Magneto-motive Force. Reluctance.—In Fig. 24 suppose the magnetic circuit (the 

core of the toroid) to be filled with a material of permeability p. 

If H is the field strength, B = (xH is the flux density in the magnetic circuit. 

The total flux O is given by the product of flux density and cross-sectional area. 

^ . . 47t IN 

<I) = BA = [iHA = |xA . - * 

This can be re-written as 

4k . I 

To XjHi- 

The product ^ (IN) or 1 * 257 IN, is called the 



Fio. 24. Magneto-Motive Force (M.M.F.) by analogy with E.M.F.; for, by 

the above argument, it is equad to Hi, to the work done in carrying a 
dntt magnetic pole round the magnetic circuit. It is denot^ by G (not to be confused with the 
symbol for conductance, which is also G). 
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The tenn ^ ir called the Reluctance of the circuit, and the equation can therefcnre be 
expressed as / 


MagnetO'MotiTe Force » Flux x Reluctance. 

The product IN is known as the ampere-turns, i.e., the number of amperes multiplied by the 
number of turns in the coil. 

From examination of the above equation it will be seen to bear a close analogy to the equation 
E.M.F. = current x resistance. 

Just as in an electric circuit there is a resistance to current flow which in conjunction with the 
E.M.F. applied gives a certain value of current, so in the magnetic circuit we can look upon the 
reluctance as a factor to be overcome when a certain M.M.F. tries to establish a flux through the 
circuit, and which, in conjunction with the M.M.F., establishes a certain value of flux. 

The M.M.F. depends on the product I X N, because the greater the current the stronger 
should be the magnetic flux through the solenoid, and similarly the greater the number of turns 
the stronger should be the flux. "li^e flux due to a number of turns is simply the sum of the fluxes 
due to individual turns. 

The reluctance is analogous to the resistance in an electric circuit, and likewise varies directly 
as the length and inversely as the cross-section of the circuits. The other term p,, which comes 
into the expression for reluctance, is a property of the particular substance in the magnetic circuit 
which determines the extent to which a given M.M.F. or a given field strength H, which is simply 
M.M.F. 

— j —, can establish a flux density, and so corresponds in inverse relationship to the “ specific 

resistance " p of any particular substance in the electric circuit. Permeability in the magnetic 
circuit is akin to conductivity in the electric circuit. 

The two results are again quoted for comparison :— 


Reluctance = - r 
p A 


Resistance = 



It should, however, be noted that the resemblance is purely formal. As far as we know, there 
is nothing flowing round a magnetic circuit and composing the flux in the way that electroixs flow 
round an electric circuit and compose the current. 


. 93. If the magnetic circuit is not uniform, the separate parts are treated individually, as in an 
electric circuit, and their reluctances added. 

If the circuit is composed of materials whose dimensions and permeabilities are varying, and, 
in the same notation as used above, are given by A^, p^, A„ p„ etc., the total M.M.F. required 
to establish a certain flux O through the combined circuit is given by :— 


M.M.F = O ( -4- + -4" + 

\PjAi p,A, / 

The equation is often written in the form which gives the ampere-tums necessary to produce 
a given flux in the circuit. 

4en _ I 

O X 


Since 


In the general case. 


ro 


TM ^ 

^N=4;r-‘*^ pA 


pA’ 

/ 0-8(I)f 


IN 


4 


pA 


approximately. 


^O'SO —‘--h—^ 
\P1 Aj p. A, 


+ - - - 


As p varies with B for ferro-magnetic materials, the value of p must be obtained from a 
permeability curve, or a B-H curve, in the case of a de^te numerical examffle, where the ampere- 
turns are required to give a certain total flux, or flux density. An example is appended. 
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Example 9. 

,p 




Fig. 25. 


(I) Calculate the ampere-turns 
necessary to produce a flux of 144,000 
lines in a closed ring of mild steel 
made up of two sections, one (di) 
of length 100 cms. and square cross- 
section, the side of the square being 
3 cms., and the other (6) of length 
60 cms. and square cross-section, the 
side of the square being4 cms., using 
the B-H curve of Fig. 22 (or the 
[t-B curve). 

The areas of the cross-sections 
are 9 sq. cms. and 16 sq. cms., 
respectively. 

Flux <1> = 144,000 lines. 


== 16,000 lines per sq. cm. 


^ „ <P 144,000 

.*. Flux density in (a) is given by B = ^ 

(p 144 000 

Flux density in (b) is given by B = ^ = —= 9,000 lines per sq. cm. 

Section (a) 

/ = 100 cms. 

A = 9 sq. cms. 


B = 16,000 lines per sq. cm. 
H (from B-H curve) = 54. 
16,000 

(A = 


54 

Reluctance 


= 296. 
I 

(lA 


16 

Section (i) 

/ = 60 cms. 

A = 16 sq. cms. • 

B = 9,000 lines per sq. cm. 

H (from B-H curve) = 12. 

9,000 

{A - 


100 


296 X 9 
Total reluctance = 


12 

Reluctance = 
100 , 60 


750. 

(xA 


60 


+ . 


296 X 9 ■ 750 X 16 
IN = 0-8 <I) X Total Reluctance = (0*8) (144,000) 


750 X 16 


100 

296' X 9‘ 


60 


750 X 16 


= 115,200 {0-03754 + 0-005} = 115,200 (0-04254) 

= 4,900. 

This could be produced by 7 amps, flowing through 700 turns, or 49 amps, through 100 turns, 
etc. 

(2) Suppose now the ring is cut across at the diametrically opposite points X and Y, both in 
Section (a), and the two halves are separated so as to leave an air gap of 1 cm. at each of these points, 
as shown in Fig. 25 (6), 

The reluctance is found to be greatly increased, because of the small air-gaps. Their total 
length is small, only 2 cms., but (a for them is unity. 

The additional reluctance is given, as before, by where / = 2 cms., |a = 1, A = 9sq. cms. 

I - 2 

So that -T-for the air-gaps in series = ;r = 0-222. 
pA 9 

Total reluctance = 0-04254 0-222 = 0-26454. 

Ampere Turns = 115,200 (0-26454) = 30,500. 

Thus, with 100 turns, a current of 305 amperes would be necessary instead of 49 amperes. 

^ This effect of the majority of the reluctance of a magnetic circuit being due to an air-gap, 
where such is included, is very important in machine construction, and air-gaps are designed to lx as 
short as possible in order to minimise their tendency to diminish flux density. 
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ELECTROSTATICS AND ELECTRIC FIELDS. 

94. It has already been stated, in paragraph 37, that like charges repel one another and unlike 
charges attract one another. 

The forces of attraction and repulsion are called electric forces, and the space in which they 
act is called the electric field. 

Electric fields and magnetic fields, which were treated in the previous section, have many points 
in common. 


95. Unit Charge.—It is possible to isolate a “ charge ” of positive or negative electricity by 
friction. 

If a stick of sealing-wax is rubbed with flannel it acquires the property of attracting small 
pieces of paper, etc. It has become negatively charged, or, in terms of the electron theory, it has 
acquired a surplus of electrons. The flannel is left with a deficit of electrons, and is thus positively 
charged. Two such electrified sticks of sealing-wax will repel one another. A glass rod rubbed 
with silk will be positively charged, and will attract the sealing-wax. By such simple experiments 
the mutual action of electrified bodies can be studied, and this is the way in which the first experi¬ 
menters built up the theory. 

It is found that the force between two charged bodies varies inversely as the square of the 
distance between them. 

A system of units based on the mechanical forces acting on electric charges may thus be 
developed in an exactly similar manner to the system based on the forces between magnetic poles 
(paragraph 77). This is called the electrostatic system of units. 

TTie electrostatic unit (E.S.U.)' of charge or quantity of electricity is defined as follows :— 

Two unit charges placed at a ^stance of one centimetre apart in vacuo exert on each other a 
force of one d 5 me. 

The relation between this unit and the practical unit, the coulomb, is given by:— 
1 coulomb = 3 X 10» E.S.U. 


96. The force between two charges is proportional to their product, so combining this with the 
result above relating to distance between them, two charges, of Qj and Q, units respectively, at a 

Qi Q» 


distance d cms. apart will exert a mutual force of 




d5mes. 


If the charges are like, the force is one of repulsion ; if unlike, one of attraction. 

The mutual force is dependent on another factor, a property of the material between the 
charges called its “ dielectric constant,” or “specific inductive capacity” (S.I.C.), and denoted 
by the letter K. 

When modified to take account of this property of the medixim, the law of force between charges 
becomes 


F = 


QiQ. 

Kd* 


dynes. 


Thus the electrostatic system of units is based on the assumption that K = 1 tn vacuo. 


97. Electric Field.—^This has already been defined as the space in the neighbourhood of 
charges where forces of attraction and repulsion are exerted on other charges. 

Its strength at any point can be measured by the forcq which would be exerted on a unit 
charge placed there, and using the same units as before, the field strength is the force in dynes per 
unit charge. It is denoted by X. The field strength at a distance r in vacuo from a point charge 
Qis 

X = § 


In a medium of dielectric constant K, X under the same conditions. 
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Two Unlike Charges. 

Fig. 



Electric Field between 

Two Like Charges, 
26 . 


equal and opposite magnetic poles {su Fig. 15) should be noted. 


98. Lines of Force. —^The direction of the electric field 
round an isolated electric charge is radial. This can be 
represented by drawing a series of straight lines outwards 
from the charge, in which case the direction of the field at 
any point is along the line passing through that point. 

The direction of the resultant electric field set up by two 
charges is more complicated. The field between two equal 
and opposite charges is as shown in Fig. 26 (a). The 
similarity between this field and that existing between two 


99. Lines or Tubes of Electric Flux. —In the quantitative study of magnetic phenomena it 
was founa convenient to develop the idea of the magnetic flux through an area in the magnetic 
field (paragraph 86). The same type of concept is also found useful in electrostatics and is derived 
in a very similar manner. Lines or tubes of electric flux are supposed to emanate from electric 
charges. Each line is assumed to start from a positive charge and end on an equal negative charge, 
as indicated in Fig. 26 (u). 

If we assume that these lines or tubes behave like stretched rubber cables, i.e., tend to contract 
in the direction of their length, a simple explanation of the attraction at a ^stance between two 
opposite charges is obtained. The lines, by tending to contract, tend to pull the charges together. 

Repulsion effects between like charges may also be explained on this basis if we assume that the 
tubes of flux in contracting lengthwise expand laterally, i.e., increase in cross-section 

The field in the neighbourhood of two like charges is shown in Fig. 26 (6). The tubes of flux 
from one of these charges cannot end on the other; and because of their tendency to contract 
lengthwise, there will be a competition between them to end on the nearest possible negative charges. 
This brings the tubes from each charge running sideways in the same general direction. Their 
tendency to expand sideways will then force the two charges apart. 

Electric flux is denoted by the symbol 4» (psi). The unit is derived on a slightly different basis 
from the unit line of magnetic flux, the definition of which led to the result that 4n lines started 
from a imit pole. 

One line or tube of electric flux is defined as the total flux which starts from a unit positive 
charge (or ends on a imit negative charge). 

It may be considered rather difiicult to picture the single tube of flux from a unit point charge, 
as presumably it must spread out to enclose all the space around the point, and the idea of “ tube ” 
rather loses its significance. It should be remembered, however, that if these tubes are more than 
a convenient way of obtaining results, and if there is anything corresponding to them in reality, 
there must be at least one tube per electron, i.e., one unit tube, as above defined, must correspond 
in reality to about two thousand million electron tubes, which makes the flux easier to visualise. 
It is on account of unitary consideration that the unit tube is defined as above, and it is to be taken 
merely as the representative of an unknown number. 

The Electric Displacement or Flux Density at any point in a field is the number of lines of 
flux passing through an area of 1 sq. cm. at right angles to the direction of the field at the point. 

Flux density is given the s 3 Tnbol D. Thus by definition where «(»is the flux through an 

area A. 


100. Relation between Field Strength and Flux Density. —^ITie field strength X at a 
distance r from a point charge Q in a medium of dielectric constant K is given by Ki: 

X ■=* dynes per unit charge, or ^ == KX. 
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The total flux through the sphere of radius r described about the charge Q as centre is Q lines. 
The surface area of this sphere is Am*, and the flux distribution is obviously uniform through its 
surface, so that the flux density 

D = lines per sq. cm., or 47rD = 


. X = ^,andD 


KX 
An ’ 


These results should be compared with H = — and B = (iH respectively. It is seen that they 

differ by the factor Am This is due to the 4?: lines of magnetic flux taken to be associated with a 
unit pole compared with the one line of electric flux attributed to a unit charge. 

Though derived from the special case of a point charge, the results above can be shown to be 
perfectly general and to hold for any distribution of charges. 


101. Potential Energy of Electric Field.—It has been shown that a charged body placed 
in an electric field has a force acting on it and will generally be set in motion, i.e., it will acquire 
kinetic energy. The only possible source of this energy is the electric field itself. Thus, whenever 
an electric field is established, there is a certain amount of energy stored up. By allowing the 
charges which have produced the field to come together \mder their mutual attractions, this stored 
energy will be converted to energy of motion of the charges and eventually to heat or light energy 
when the motion is stopped. Thus we may consider the electric field to be a storehouse of electrical 
potential energy. 


102. Potential Difference and Potential.—When a charged body moves under the action of 
the field, the work done on it is obtained from the field energy. 

Just as in the case of a current flowing in a conductor, this transformation of energy leads to 
the concept of potential differences between different points in the field. 

The potential difference between two points in an electric field is defined as the work done when 
a unit positive charge moves along a line of force from one point to the other. If this movement 
takes place owing to the field forces themselves, the first point is said to be at a higher potential 
than the second. If the charge has to be moved from one point to the other against the opposition 
of the field forces, the first point is at a lower potential than the second. The zero of potential, 
as before (paragraph 54), is taken as the potential of the earth’s surface, thus enabling absolute 
values (P.Ds. to earth) to be given to the potentials at various points of the field. 

The E.S.U. of P.D. is thus the P.D. between two points wten the work done in moving one 
E.S.U. of charge from one point to the other is one erg. 


i.e., 1 E.S.U. of P.D. = 


1 erg 


1 E.S.U. of charge' 

The practical unit of P.D. is the volt, i.e., the P.D. between two points when the work done in 
moving 1 coulomb from one point to the other is I joule. 

Since 1 coulomb = 3x10* E.S.U. of charge, 
and I joule sa: 10^ ergs, 

we may easily find the connection between the E.S.U, of P.D. and the volt. 


1 E.S.U. of P.D. 


1 c... 


300 joules 


The relation between the practical and electrostatic units of other electrical quantities may be 
similarly obtained. 
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103. The above ideas will now be illustrated for the case of a uniform electric field,a field 
in which the electric field strength has the same value and direction at every point. Such a field is 
obtained approximately in practice by the arrangement shown in Fig. 27 (a) where two large con¬ 
ducting plates are set up parallel to each other with a layer of some dielectric between them, and 
connected to the terminals of a battery. The P.D. between the plates is the terminal P.D. of the 
battery (V). Plate Y has a positive charge, say, + Q, and plate Z has an equal negative charge 
— Q. Owing to their longitudinal contraction and lateral expansion the tubes of flux will be arranged 
as shown. They then have the minimum possible length. Tubes at the edges of the plates are 
bowed outwards because there is no lateral pressure on the outside of them to counterbalance that 
of the more central tubes. Thus, in practice, the field is not uniform at the edges. For simplicity 
we shall neglect this and assume the field to be uniform ever 3 rwhere between the plates. 


The flux starting from plate Y is i]; = Q. 

Q , 

If Y has an area of A sq. cms., then D — x = ? is the flux density. 


The field strength X is therefore given by X =■ 


AnD _ 47 tQ 

ir“KA’ 


where K is the S.I.C. of the dielec¬ 


tric. This is the force on a unit charge anywhere in the field. 

Suppose a unit charge is allowed to move from Y to Z (a distance of d cms., say) under the 
action of the field. It will move along a line of force, i.e., it travels d cms. under a force X, and so 
the work done on it is X<f. 

By definition this is the P.D. (V„) between Y and Z. 

i.e., V„ = Xd. 

or P.D. between two points = field strength x distance between the two points. 

In this case, V„ = X<f = 

If Z were at earth potential, V„ would be the absolute potential of Y. 




104. The relation between field strength 
and P.D., just derived for a uniform field, 
may also be written X = V/«f. It is true of 
non-uniform fields, provided we consider two 
points close enough to each other for us to 
assume that the field is uniform between 
them. 

With reference to Fig. 27 (i), let Q be 
a positive charge concentrated at a point. 
The field strength X decreases as one moves 
outwards from Q to a point an infinite 
distance away, where the potential is zero, namely the earth. Between points A and B the field is 
non-uniform, and the P.D. between them can only be found by adding up (integrating) the small 
increments of work necessary to move a unit charge from B to A by moving between a succession 
of points so close together that the field X may be assumed uniform over the small distance 81 
between them. 

The force at distance I is given by X = Q/Kl* and is uniform over the small distance 81. Now 
X acts from A towards B, hence the force from B to A must be — X, and is the force against which 
the unit charge is carried. The work done (SV) over the small distance 81 is given by 8 V = —X. 81, 

dV 

which gives a general formula X =» —Since the potential falls, as one moves outwards from 




Q, the rate of change of potential with distance (- 37 ) is negative, and thereby gives positive values 
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of X, the field strength at any point. This gives a new idea of field strength as the rate of change 
of P.D. along a line of flux, and leads to the practical unit of field strength, the volt per cm., 
the field strength is such that the P.D. between two points 1 cm. apart on a line of flux is 1 volt. 

Since 1 E.S.U. of P.D. = 300 volts, and the centimetre is the same on both systems, 

1 E.S.U. of field strength = 300 volts per cm. 

The electrostatic field strength at a receiving aerial is often quoted in terms of a sub-multiple 
of file above unit, the millivolt per metre. 


1 volt per cm. = 100 volts per metre. 

s= 100,000 millivolts per metre. 

At Portsmouth, the field strength due to Droitwich B.B.C. station is of the order of 15 millivolts 
per metre. 

It is of interest to perform the operation of integrating the work done between B and A. From , 
the foregoing treatment we have 

PD.^u.B = V^ = £-X.ii = j"-^.d/ 

_rQT-*^_Q- 

“ LKiJ* “ Ka Kd' 


If B is at earth potential 6 = oo and we get the absolute potential at A, 

V -Q-Q-Q. 

~ Ka « “ Ka 


In all of the above, the charge Q has been assumed concentrated at a point. A spherical 
conductor of radius a, and having a charge Q, would have a potential of If a is decreased, the 

potential rises, a result in accordance with practical experience. 

A further extension of the above ideas leads to the conception of concentric equipotential 
surfaces surrounding a point charge Q, the lines of force necessarily being at right angles to an 
equipotential surface; if they were otherwise, work would be done in taking a charge from one 
point to another on an equipotential surface, which by definition is impossible. A charged con¬ 
ductor containing no internal charges is an equipotential surface; all lines of force in diagrams 
should intersect such a surface at right angles to it. 

Moreover, since lines of force start on a charged body at a high potential and must end on 
one at a lower potential (which is often the earth, the zero of potential), there will be no lines of 
force, and hence no force, inside a charged conductor containing no internal charged bodies.* This 
matter has been the subject of many practical and theoretical proofs. It is important, since it is 
the basis of the electrostatic screening of wireless apparatus. 


105. Systems of Units.—In the brief description of electrical phenomena given in the previous 
paragraphs, three systems of units have been derived :— 

(1) The practical S 5 ^tem. 

(2) The electromagnetic system. 

(3) The electrostatic system. 

The two latter systems are based on the absolute units of length, pxass and time (cm., gm. 
and sec.). 

, The electromagnetic system, however, assumes that the permeability of a vacuum is unity, 
while the electrostatic system assumes that the specific inductive capacity of a vacuum is unity, 
thus introducing another abitrary element into both systems. It can be shown by comparing the 
values of the same quantity, e.g., a current, on the two systems that these assumptions are not 
consistent with each other. It is actually found that for a vacuum 

1 

3x10“ numerically, 
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and has the units of centimetres per second, i.e., it is of the nature of a velocity. This velocity of 
3x10** cms. per sec. is the measured velocity with which light travels {cf. R.3). 

It was this fact which led to the idea that light waves were electromagnetic in nature, and gave 
rise to the attempt to produce similar waves by electrical means which laid the foundations of 
wireless telegraphy. 

106. Following on the description of direct-current phenomena given above, a section on 
batteries is appended. In the next chapter, the meaning of the electrical quantities which are 
particul^ly important in wireless circuits, viz., inductance and capacity, will be developed from 
the outline of electromagnetism and electrostatics given in this chapter. 

PRIMARY CELLS. 

107. The existence of an electric current in any circuit means that energy in some form is being 
liberated at the generating source, and the continuance of the current necessitates the continuous 
expenditure of energy. In the case where the current is supplied by a d 5 mamo driven by a steam 
or gas engine, the source of the supply is the coal, and the place where the energy is being liberated 
is the furnace. Coal contains a large supply of energy, which it readily liberates in the form of 
heat, and which, after several transformations, may appear in a circuit in the form of electrical 
energy, and is there used for lighting, running motors, energising W/T sets, etc. 

The coal becomes oxidised or burnt in the process, and the quantity of energy that can be 
obtained is clearly limited by the amount of coal consumed or burnt. 

In the case of an ordinary voltaic cell the conversion of the energy of supply into electrical 
energy is a much simpler and less wasteful process, but the material which acts as the source of 
supply—in other words, the fuel—is far more expensive. 

In most cells the fuel consists of zinc and acid, which are consumed, but which, instead of 
giving out their energy in the form of heat, give it out directly in the form of current. 

A cell is in reality nothing more than a little furnace in which zinc instead of coal is used as 
fuel, and in which the " burning ” is not simple oxidation. 

108. Conduction of Electricity through Liquids.—Pure water is a very good insulator, 
i.e., if a P.D. is applied across two terminals in pure distilled water, no measurable current will flow. 
It is found, however, that if certain chemical substances are dissolved in water, the solution is 
conducting, although its conductivitji is much less than that of a metaUic conductor. 

Such chemical solutions are called " electrol)des ” and belong mainly to three types of chemical 
compound," acids,” e.g., sulphuric acid, " bases,” e.g., caustic soda, and " salts,” which are formed 
by the interaction of an acid and a base, e.g., common salt, which is formed by the interaction of 
hydrochloric acid and caustic soda. 

Just as gases are ionised under various conditions {see paragraph 36), so it is supposed that the 
molecules of these chemicals are ionised by the process of solution in water. Sulphuric acid may be 
taken as an illustration. The molecule of sulphuric acid (HJSO 4 ) consists of two atoms of hydrogen, 
one of sulphur, and four of oxygen. On solution, this molecule splits up into three parts, two atoms 
of hydrogen, which have each lost an electron, i.e., hydrogen ions, and one complex ion containing 
an atom of sulphur, four atoms of oxygen, and the two electrons from the hydrogen atoms. 

This complex ion therefore has a net negative charge of two electrons. The process may 
be represented as 

H,S 04 ^H+ +H+ -I-SO 4 --, 

where the and — indices represent loss and gain of one electron respectively. 

Electrolytic ions differ from gaseous ions in two respects:— 

(1) They are stable in solution and do not tend to recombine with each other as gaseous 

ions do. 

(2) Negative ions are never free, electrons, but always consist of an atom or group 6f 

atoms having more than its normal share of electrons. 
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If a P.D. is applied across an electrolyte, the negative ions will be attracted to the positive plate and 
the positive ions to the negative plate. There is thus a passage of electricity through the electrolyte 
in consequence of an applied P.D., i.e., the electTol}de is a conductor. Electrolytic conductors, 
like metallic conductors, obey Ohm’s Law. 

109. If a plate of zinc is dipped into dilute sulphuric acid, chemical action takes place—^hydrogen 
is given off, zinc sulphate is formed in solution and considerable heat is produced, i.e., in addition 
to the chemical changes there is a conversion of energy from one form to another, the conversion 
being from chemical enei^ of constitution to heat energy in this case. 

A primary cell is a device by which the energy made available by chemical reactions may be 
converted to electrical energy instead of heat. This can be brought about by dipping a copper 
plate into the dilute sulphuric acid in addition to the zinc plate. As long as the zinc and copper 
rods are not connected, no chemical action takes place, but an E.M.F. is set up between the rods. 
If they are cormected by a wire, a current flows from copper to zinc in the wire and from zinc to 
copper in the electrol}de. As we are chiefly interested in what happens in the wire or external 
circuit, the copper is therefore looked on as the positive “ electrode ” or “ anode ” of the cell 
and the zinc as the negative electrode or “ cathode. ’ ’ As soon as flow of current is made possible, 
the zinc starts to dissolve in the acid. The energy made available by this interaction of zinc and 
sulphuric acid appears in the form of electrical energy, which maintains a current round the circuit. 

110. Polarisation. —^The action is accompanied by the liberation of hydrogen at the surface 
of the copper. This has two bad effects ;— 

(1) The conductivity of hydrogen is very much less than that of dilute sulphuric acid, 

and so the internal resistance of the cell is greatly increased. 

(2) If we could construct a cell with zinc and hydrogen electrodes in the same electrolyte, 

we should find that although a current still flowed from hydrogen to zinc in the 
external circuit, i.e., zinc was still the cathode of the cell, the current was much 
smaller than with a copper anode because the E.M.F. developed between the elec¬ 
trodes was smaller. This is essentially what happens when a hydrogen film collects 
on the copper plate. Hydrogen becomes the anode of the cell, and its E.M.F. is 
greatly diminished. 

This effect is called " polarisation," and the efficiency of primary cells depends very largely on 
the method adopted to avoid it. 

111. The essentials of a primary cell are thus:— 

(а) Positive and negative electrodes. 

(б) Electrolyte. 

(c) Depolarising device. 

The E.M.F. of a cell dep>ends only on the chemical nature of the electrodes and electrolyte and 
not at all on their size or quantity. The resistance of the electrolyte, like that of a meta^ con¬ 
ductor, varies directly as its length and inversely as its area, and so the larger the surface area of 
the plates, and the less their Stance apart, the smaller is the internal resistance of the cell. 
Naturally, also, the larger the cell the longer its life, since a greater quantity of chemicals is available. 

The Daniell and Menotti-Daniell cells consist of copper, zinc, dilute sulphuric acid, and copper 
sulphate solution (depolariser). Their E.M.Fs. are 1*1 volts each. Their resistances depend on 
their size. They give a steady current when in service. 

The Leclanche cell consists of carbon, zinc, salammoniac solution, and manganese peroxide 
(depolariser). EJd.F., 1 *5 vcdts. Resistance varies with size. 

When in service the current quickly falls, and so these cells are chiefly used for intermittent 
iisork such as bells. Nearly all diy cells are of this type, the salammoniac being contained in a 
paste or jelly. 
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The Menotti test battery (Fig. 28) consists of a Menotti-Daniell cell (1 volt and 30 ohm 
resistance approximately), a key and a 20-ohm galvanometer. The circuit under test is connected 

between the other terminal of the galvanometer 
ciiKuir uHOER TEST. and thc positive battery terminal. 

In wireless work it is chiefly used to test for 
" conductivity.” When the key is pressed and 
a swing of the galvanometer needle is obtained, 
the circuit is continuous or unbroken. Its high 
resistance is necessary in testing detonator or gun 
circuits, so that the current will be small and 
there will be no risk of firing. 

112. As a typical example of the action of a 
primary cell, the action of a Menotti will be 
described. 

The Menotti consists of a copper cup (positive 
plate) containing CUSO 4 crystak (depokuiser) a 
zinc slab (negative plate), and damp sawdust. The 
sawdust makes the cell portable. The electrolyte 
is dilute sulphuric acid formed by the interaction 
of water and the copper sulphate crystals. 

The chemical action is roughly as follows. The zinc dissolves in the acid, forming zinc 
sulphate, and hydrogen ions travel to the copper cup. Here, in the simple cell described above, 
they each collect an electron which has formed part of the current in the external circuit, and 
become hydrogen atoms, which combine into molecules, giving the film of gas causing polarisation. 

In the Menotti, the hydrogen ions have to pass through the moist copper sulphate crystals 
before they can reach the copper electrode, and a chemical reaction takes place, sulphuric acid and 
copper being formed. The copper is deposited on the copper cup and the acid replaces that which 
has been used up in dissolving zinc. The net result is that copper sulphate and zinc are used up and 
zinc sulphate and copper are produced. No hydrogen thus appears at the copper cup and polarisation 
is prevented. 

SECONDARY BATTERIES. 



MCHem-DANIEL CELL. 

Test Battery, 
Fig. 28. 


113. A secondary battery, or accumulator, is an arrangement from which an electric current 

may be drawn for a certain time, as from a primary battery ; 
unlike the primary battery, however, when the accumulator is 
exhausted it may be rech^ged by having an electric current 
passed through it. 

An accumulator does not store electricity ; it stores energy. 
When it is being charged the electrical energy imparted 
to it is transformed into chemical energy, which is stored 
in the cell. Then, when the cell discharges, that is, when 
an external circuit is completed through which current can be 
forced by the E.M.F. of the cell, the stored energy is reconverted 
into electrical energy. 

The simplest accumulator consists of two lead plates immersed in dilute sulphuric acid, as 
in Fig. 29. The first operation necessary is to ” form ” the plates, i.e., to bring about that change 
in the composition of the electrodes which finally gives the cell its ability to produce an E.M.F. 

114. Forming the Plates. —This is done by passing a direct current through the cell from 
the mains. 

The plate at which the current enters the cell is the anode. 

The plate at which the current leaves the cell is the cathode. 

> The actual chemical changes which occur are very complicated and only the principal ones 
can be considered here. 

As explained in paragraph 108 the electrolyte is dissociated into and SO. ~ ions. 


IlCCTSON CuSaiNT a 



Primitive form of Accumulator, 
Fig. 29. 
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When a P.D. is established between the plates by means of the mains, H'*' ions are attracted 
towaids the negative plate or cathode. As each H+ ion arrives there, it is neutralised by an electron 
(supplied from the mains) and becomes a hydrogen atom. Two of these hydrogen atoms form a 
hydrogen molecule, and the molecules agglomerate into bubbles of hydrogen gas, which are liberated 
at the surface of the plate. Thus no change takes place in the composition of the cathode. 

The SO4- - ions are attracted to the anode. When they arrive they each lose their two electrons 
to the positive main. The group of atoms SO4 cannot exist alone and immediately acts on the 
water present, giving sulphuric acid and oxygen. 

SO 4 + H,0 > H,S 04 + 0. 

The oxygen liberated combines with the lead of the anode to give lead peroxide Pb02, a 
chocolate-brown coloured substance. 

The results of this process may be summarised as follows:— 

(1) Cathode—No change. 

(2) Anode—^From lead to lead peroxide. 

(3) Electrolyte—^The hydrogen given off at the cathode, and the oxygen which oxidises 

the anode, both come from the electrol 3 ^e, which therefore loses water (HjO). 

As a result, the concentration of sulphuric acid increases. 

The end of this stage may be detected by observing that both plates will then " gas ” freely— 
for the oxygen formed at the anode will then be liberated as oxygen gas. 

The next step is to reverse the connections to the mains and pass current through the cell in 
the opposite direction. 

The previous cathode, which is still unchanged lead, is now the anode, and so the SO4- - ions 
repeat upon it their action on the original lead anode, i.e., it ends with a covering of chocolate- 
brown lead peroxide. 

The previous anode, which is covered with PbOj, is now the cathode, and the H+ ions are 
attracted to it. On arrival, they each collect an electron as before and become neutral atoms, 
which combine with the oxygen of the lead peroxide to form water. The lead peroxide is thus 
reduced to metallic lead once more, but the lead thus produced has a porous, spongy texture. This 
renders it considerably more efficient, and is the object of this “ alternate charge " method of 
forming the pUites. The concentration of the acid is al^ reduced diiring this stage by the formation 
of water. 

The whole process is now repeated several times, and in their final condition one plate is mostly 
PbOj and chocolate-brown in colour, while the other is mostly spongy lead of a light slate colour. 


115. Construction of Accumulators.—In practice, the holding power or capacity is increased 
by furrowing, grooving, gimping or otherwise increasing the working surface of the lead plates, and 
the prepared surface is filled with the active material—lead peroxide or spongy lead. 

The greater the number of plates in a cell and the larger their surface, the greater will be the 
capacity and current output. 

The positive and negative plates are arranged alternately, each group being connected at the 
top by lugs to a lead bar. 

The negative group contains onfe plate more than the positive group, except in two-plate 
cells. 



Fia. 30. 


The plates are placed closed together to ensiure low resistance, and are kept 
apart by separators of wood, glass, celluloid, etc. (as indicated in Fig. 30). 

116. The Electrolyte.—^The sulphuric acid and water must be free from 
impurities. If distilled water is not available, rain water or melted artificial ice is 
recommended. 

Sulphuric acid, when concentrated, has a “specific gravity” of about 1*84, 

it is 1*84 times as heavy as an equal bulk of water. 

When the cell is charged the add strength should be about 1*22 (<Hr. as 
sometimes written, 1220). Slightly different strengths are stated by difierent 
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makers. This strength gives approximately the least specific resistance. A stronger acid, in 
addition to having a higher specific resistance, attacks the plates to an undesirable degree. 

To “ break down ” the acid it is mixed with about four times its bulk of water, and care 
must be exercised in the mixing. When mixed with water a large amount of heat is developed. 
The acid should be added gradually to the water, stirred meanwhfie, and not used till cool. 

On no account must water be added to acid. 

The strength or “ specific gravity ” is tested by a “ hydrometer "—an instrument with a 
weighted bulb and a thin graduated stem; when in the acid, the reading is taken at the point on 
its scale at the surface. 

As will be explained shortly, the acid becomes weaker as the cell is discharged, and will fall to 
about 1170 at about 1 *85 volts—the point at which discharging should be stopped. Its strength 
is recovered on recharging. 

117. Initial Charge. —The makers issue directions, which must be carefully followed if the 
battery is to be maintained in a state of efficiency. 

The general plan is to give a prolonged first charge immediately after the acid has been poured 
in. The acid will fall in specific gravity as soon as it is poured into the cells and will continue to do 
so for the first twelve or eighteen hours. During charge it will gradually rise, and the charge should 
not be considered complete until the voltage and specific gravity show no rise over a period of, say, 
five hours, and gas is being given off freely from all plates. At the end of the charge the voltage 
will have risen to 2 •5-2 *7 volts per cell. 

After the charging current is cut off the voltage per cell will immediately fall to about 2’2 
volts, or slightly less, at which it will remain while the battery is left on open circuit. 

The battery should not be left unused for more than a week without recharging. 

With large cells, in which a hydrometer can be inserted, the specific gravity of the acid is the 
most reliable guide. With small cells the acid should be tested occasion^y by transferring some 
acid with a syringe to a narrow tube and using the hydrometer in the latter. 

Tests for Completion of Charge. 

(1) Appearance of plates; Positive, chocolate brown; negative, slate grey; and no 

trace of whiteness on either. 

(2) Voltage : 2*5 to 2*7 volts. 

(3) Plates gassing freely. 

(4) Specific gravity of acid : About 1220, according to maker. 

In the first week the cell should be given plenty of work, and an hour’s extra charging on the 
first few charges. 

118. Discharging. —If the plates of an accumulator are joined by an external resistance, it 
is found that a current flows from the brown plates to the slate-coloured ones through the resistance, 
and therefote in the opposite direction through the electrol 5 de. (Fig. 31.) 

H"*" ions thus go to the brown plate and combine, when neutralised, with the oxygen of the lead 
peroxide. This action does not go so far as when the plates were being formed, and instead of 
spongy lead being formed, the peroxide molecule loses only one of its two oxygen atoms, forming 
lead monoxide (PbO). 

Pb0,-|-2H^H,0-f PbO. 

Lead oxide readily combines with sulphuric acid, forming lead sulphate (PbSOJ and water, 

> At the spongy lead plate the SO 4 group of atoms combines with the lead, also forming lead 
sulphate; This is the process which is facilitated by obtaining the lead in a porous condition. 
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As a result both plates become partly 
coated with lead sulphate and the E.M.F. falls. 
Some sulphuric acid is used up and water is 
formed, so that the Acid concentration ^ 
reduced. This is recognised by a fall in. the 
specific gravity of the electroljrte. 

The voltage should not be allowed to fall 
below about 1 *85 volts. 

The specific gravity will be about 1170 
at this stage. If the discharge is carried 
persistently beyond this point, more sulphate will form on each plate, and when each plate is 
totally covered the voltage will be zero. 

Caution.—cell must not be left for any length of time in a discharged state. 


Fig. 31. 


119. R^harglng.—^This consists in removing the lead sulphate and restoring the plates to 
their condition before discharge. It is accomplished by passing current through the cell from the 
mains. 

As before, hydrogen atoms are liberated at the negative plate, and interact with the lead 
sulphate forming sulphuric acid and reducing the plate to spongy lead. 

PbSO* + 2Ha > HjSO* + Pb 

At the positive plate the SO* groups combine wdth water, forming sulphuric acid and oxygen. 
The oxygen acts on the lead sulphate, forming brown lead peroxide and sulphuric acid. 

SO* + HjO ^ H,SO* + O 
PbSO* + 0 + HjO ^ PbO, 4- HjSO* 

It will be seen that sulphuric add is formed at both plates during recharging and so the specific 
gravity of the electrolyte rises. 

■N^en the cell is fully recharged, i.e., when the sulphate has been entirely removed from the 
plates, the hydrogen and oxygen atoms can no longer react with the plates, and so bubbles of gas 
are ^ven off at each plate. This is allowed to continue until the acid reaches the required specific 
gravity and the E.M.F. is from 2-5 to 2*7 volts. 

A^en the cell is fully charged and lying idle the plates are less liable to be attacked by the 

acid. 

The charge in ampere-hours should generally be about 10 per cent, more than the discharge in 
ampere-hours. 


lamp mams. 


120. Method of Charging.—^The positive plate must be coxmected to the positive main and 

the negative plate to the negative main. Passing 
current through the cell in the wrong direction wifi 
ruin it. 

To determine which is the positive terminal, 
connect an ammeter in the circuit, as in Fig. 32. 

The ammeter terminals are always marked “ -f ” 
and " — ”. If the pointer swings in ’the correct 
direction over the scade, the lead connected to the 
" -f ” of the ammeter will be that from the positive 
main. 

According to the size of the cell a certain 
charging rate or current is necessary ; this is stated 



Accumuiator on Charge. 
Fig. 32. 


by the maker. We shall consider how the partioilar value of the charging current is obtained. 

Example 10. 

Suppose two smallaccumulatoors, each of E.M.F. 1 *9 volts and resistance 0*1 ohm, are to be 
charged by a current of 4 amps, from 220-VDlt mains through leads of resistance 0 * 1 ohim 
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If they were connected directly across the mains an enormous current would flow. 

The voltage of the mains has to overcome the back E.M.F. of the cells in series (3*8 volts) 
and the resistance of the cells and leads (0*3 ohm altogether). Thus220 — 3*8 » 216*2 volts are 
available to drive current through 0*3 ohm. 


216*2 

Current =* = 721 amperes, 

which wo\ild bum up the cell. 

In order that just the right amount of current shall flow, some form of resistance must be 
included in the circuit. The most convenient form for small charging currents is a " lamp resist¬ 
ance," consisting of lamps, of the voltage of the mains, arranged in parallel (Fig. 32). The more 
lamps there are in paraUel the greater will be the current that will flow through the circuit, but 
naturally we wish to use as few lamps as possible, and so we choose high c.p. carbon lamps. 

Suppose that the 220-volt lamps available for our use are two 50-c.p., and a number of 16-c.p. 
carbon lamps. 

50 c.p. (4 watts per c.p.) take 200 watts: 


T _ _ Q.Q A 

^- 220 “®^^- 


16 c.p. (4 watts per c.p.) take 64 watts : 



= 0*3 A. 


Thus two 50-c.p. (1 *8 amp.) and seven 16-c.p. (2*1 amp.) lamps in parallel will allow a current 
of 1 *8 4- 2* 1 =3*9 amps, to flow. 

If a number of 50-c.p. lamps were available, four of these (3*6 amp.) and one 16 c.p. (0*3 amp.) 
would give 3 *9 amperes. This would be preferable, as fewer lamps are required. 

When only a few cells in series are being charged, their back E.M.F. is negligible in comparison 
with the voltage of the mains. 

The lamps in the circuit are taking practically their “ full brilliancy ” current. 

High potential batteries (50 volts or 100 volts) have naturally a greater back E.M.F., and the 
lamps used do not get the full voltage of the mains. 

For example, a 150-volt battery used in a valve receiving set requires, for charging, a 2i c.p. 
220-volt carbon lamp in series. Normally, this lamp would take about 0*05 amp., but in this case 
the applied voltage would only be about 220 — 150 = 70 volts, and the lamp would not take as 
much as 0*05 amp., and would not bum at full brilliancy. 


121. Reverse Current Switch.—^When 
voltage is approximately the same as that of the 
that towards the end of the charging process the 
the generator voltage. The accumulators would 



Reverse Current Switch. 
Fig. 33. 


battery circuit is completed current also flows 


charging accumulators from a generator whose 
fully charged accumulators, there is a possibility 
accumulator voltage may rise temporarily above 
then start to discharge and try to drive the 
generator as a motor. To prevent this a reverse 
current switch is fitted in the charging circuit. 
The switch is illustrated in Fig. 33. It consists 
of two coils wound on the same bobbin. One of 
these, in series with a resistance, which may 
be short-circuited, is directly across the 
generator terminals and is called the shunt coil. 
The other is in series with the batteries to be 
charged when the “ On " push is made, and 
is caUed the series coil. 

The flux through the bobbin core produced 
by the shunt coil current is alone sufficient to 
hold on the soft iron armature and therefore 
to keep the " On ” pudi made. When the 
through the series coil. As long as thi« curreut 
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is in the correct direction, i.e., the generator voltage is higher than the battery voltage, the 
flux it {uoduces in the l^bbin core assists the shunt coil flux in holding on the armature. If 
the battery voltage rises above the generator voltage, current flows in the opposite direction 
through the series coil and so its flux opposes the shunt coil flux. 

■^en the reverse current reaches a specified value the resultant flux is too weak to hold on the 
armature, the " On ” push contact is broken, and the generator is disconnected from the batteries. 

The resistance in the shunt coil circuit is short-circuited or not according to the generator 
voltage and charging current required. The charging current determines the series coil flux. The 
shunt coil Current and flux must be adjusted correspondingly for the contact to fall off at the 
correct value of reverse current. The resistance allows the P.D. across the.shunt coil to be altered 
to give the correct current through it. 

122. Sediment.—In time the active material on the plates gradually disintegrates and a sedi¬ 
ment forms at the bottom of the cell. Care must be taken that this does not reach the bottom of 
the plates to cause short-circuiting. Too much sediment may be produced by charging too much or 
at too high a rate. Its colour indicates whether the cell is receiving normal treatment; if so, the 
sediment should be brown. 

123. Sulphatinfl. —In the discharge action, described above, we saw that lead sulphate forms 
on the plates in the ordinary discharging process. 

This is not whatis known as “ sulphating.” The latter is due to incorrect treatment—such as 
cell not charged sufficiently, especially if new, over-discharge, acid too strong, and a discharged 
cell tmattend^ to. 

A coating of hard white lead sulphate forms on the plates, and this is difficult to remove. The 
plates in consequence become light in colour and lose their porosity and holding power. “ Buckling " 
of the plates is also very liable to occur. 

The simplest remedy, if the sulphating is not too deep-seated, is prolonged and repeated charging 
at low rate, say, at half normal chuging current, and, when full gassing occ\irs, at quarter-normal. 

124. Change of Acid Strength. —^The water in the electrolyte gradually evaporates and must 
be replaced at intervals to the proper level. The solution shoiild be stirred to prevent the water 
lying on top, or, in small enclosed cells, the water should be introduced well below the surface by 
a syringe. This is best performed just before the charge, and the gassing will ensure thorough 
mixing. 

Add may be lost by over-vigorous gassing; thus a check must be kept on the electrol 3 d;e. 
It is very inadvisable to add strong acid to a ceU to bring up the specific gravity. A better plm is 
to refill the cell with fresh acid of correct specific gravity. 

125. Capacity, Efficiency and Precautions. —^The “ capacity,” or holding power, is rated 
in “ ampere-hoTus ” and in “ watt-hours.” Service cells are usually rated on their output over a 
period of five hours. 

The output at other rates will be greater or less than the standard rate according as the time of 
discharge is more or less than five hours, e.g., a 100 amp.-hour cell discharged in one hour would 
only give about 60 amp.-hours, but if discharged in ten hours would give 120 amp.-hours. 

The efficiency denotes the ratio of the capacity output to the input. The “ ampere-hour ” 
effidency is from 80-90 per cent., and the ” watt-hour ” efficiency from 60-75 per cent. 

Thus, if a cell is dunged at 10 amps, for 16 hours, the input is 160 amp.-hours. 

80 

The output would be about 160 x == 128 amp.-hours, which would give, say, a discharge 

128 

current of 9 amps., for about 14 hours, and an effidency of x 100 » 80 per cent. 

Precautions. 

Give battery proper initial charge. 

Give a new battery plenty of work and liberal charging. 

Do not disige too much or too little, or at too high or too low a rate. 
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Do not run batteries too low in voltage or specific gravity. 

Do not allow batteries to stand long completely discharged. 

Charge once a week if possible. 

Sediment should not reach bottom edges of plates. 

Keep plates covered with electrolyte, making up evaporation losses with distilled water. 

Test strength of acid periodically. 

Keep terminals and top of cell clean and dry, and terminals coated with vaseline. 

126. Cells in Series and Parallel.—^When cells are arranged in series, the total E.M.F. is 
the sum of their separate E.M.Fs. and the total resistance is the sum of their separate resistances. 

When they are connected in parallel (all positives to one terminal and all negatives to another) 
their total E.M.F. is that of one cell, and their total resistance that of one cell divided by the 
number of cells (assuming each to have the same E.M.F. and resistance). 

127. The Nickel/Iron (NiFe) Alkaline Cell.—^This is also known as the Edison cell and, with 
improved construction, it may become a serious rival of the lead accumulator. The electrolyte 
is a potassium hydroxide (KOH) solution, the positive plate being formed of an oxide or hydroxide 
of nickel held in a nickel-steel frame, the negative plate consisting of pure iron (Fe), in a container 
of welded steel. 

No acid enters into the working, and the chemical action has been described as 

Ni(OH )4 + Fe ZH-" Ni(OH )2 -1- Fe(OH)*. 

During discharge the iron is oxidised to ferrous hydroxide Fe(OH) 2 ; during charging the 
changes are reversed. 

The Edison cells may be made of moderate size, and have found considerable application for 
traction work in small vehicles, since they are much lighter than the ordinary heavy lead accumu¬ 
lators. 

The electrolyte is a 21 per cent, solution of potassium hydroxide, of specific gravity 1*21, to 
which a little lithium hydoxide is added. Water must be added periodically during working, since 
during charging there is a loss of water due to ” gassing.” The E.M.F. of such a cell is 1 -33 to I -35 
volts, and is only slightly dependent on the strength of the potassium hydroxide. 

The efficiency of the cell is low. The advantage of the iron cell is its indifference to violent 
mechanical treatment, to over charging, and to discharging above the normal rate, and in its 
freedom from deterioration on standing or after long use—a factor which appears to increase its 
efficiency and capacity. 
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ELECTROMAGNETISM, INDUCTANCE AND CAPACITY. 

128. In the last chapter (paragraphs 79-81) the production of a magnetic field by an electric 
current was described and some tsrpical fields were discussed. It is now proposed to consider in 
greater detail the mechanical effects produced by the interaction of these magnetic fields. 

These mechanical effects may all be explained by attributing to magnetic lines of flux the same 
properties as were found to be successful in explaining electrostatic effects in terms of electric lines 
of flux, viz.:— 

(1) They tend to shorten themselves as far as possible, i.e., to contract in the direction of 

tiieir length. 

(2) They tend to expand laterally, to increase in cross-section, and so resist lateral 

compression. 

> 129. These properties may be applied to the case of tvro parallel conductors carrying current, 
as illustrated in Fig. 17. When the current is flowing in opposite directions in the two conductors, 
it will be seen that where the lines of flux due to the two currents approach each other, direction 
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is the same. Each current endeavours to extend its flux in the direction of the other so that the 
lines of flux may be circles, have their shortest possible length. Where the two sets of flux lines 
are competing for the same space they will therefore endeavour to push each other back. Their 
resistance to lateral compression then becomes operative, with the result that the conductors are 
forced apart. 

'When the two currents are flowing in the same direction, their lines of flux are in opposite 
directions when they meet each other. They can thus coalesce. Where they are equal and opposite 
there will be no magnetic field and so no lines of flux. At other points they take the direction of 
the resultant^ ibagnetic field due to the currents. The result is to produce lines of flux encircling 
both conduct^ as shown. These lines then endeavour to contract and in doing so bring the two 
conductors together, the conductors appear to be attracted towards 
each other. 

The component magnetic fluxes which interact to give these mechanical 
forces need not be produced by currents. The deflection of a compass needle 
in the vicinity of a current-carrying conductor has already been mentioned, and 
is due to the interaction of the conductor flux and the flux from the needle, 
which is a permanent magnet. 

The mechanical forces produced by the interaction of the flux due to a 
permanent or electro-magnet and that due to a current flowing in a conductor 
are of great importance. Some of the measuring instruments described later 
in this chapter depend on the motion resulting from these forces. The principle 
lausir^ttg of the electric motor, described in Chapter IV, is also based on them. 

CunlmJLan^w Because of their origin they are often called electrodynamic forces. 

Cvn dwte r m/ The calculation of the magnitude and direction of electrodynamic forces 

Magnetic Fteld. usually presents mathematical difficulties owing to the complicated shape of the 
Fig. 34. circuits involved. A simple case which illustrates the general principles will now 
be considered. 



130. An arrangement which commonly occurs in practice is shown in Fig. 34. A straight 
conductor carr 3 dng a current is placed between two large plane pole faces of a permanent or electro¬ 
magnet. The component fluxes are as in the figure. The flux due to the magnet is uniform in 
the gap between the poles, as shown by the equ^y-spaced parallel straight lines. The conductor 
lies in a plane parallel to the pole faces, and current is flowing through it into the paper. Its lines 
of flux are concentric circles. 

The resultant distribution of flux lines is shown in Fig. 35 («). On one side of the conductor 
the component flux lines run in the same direction, and so the field is strengthened as shown by 
the pacing of lines. The resultant field is weak on the other side and the lines are comparatively 
far apart. The tendency of the lines to shorten (to become straight in this case) forces the con¬ 
ductor to the right in a plane parallel to the pole faces. 


If either the field of the magnet or the direction of the 
4 current in the conductor were reversed, it will be seen that 

I jj the conductor would move in the opposite direction, 

///W reversed, the motion of the 

1//^ n n r wT TTt n conductor would again be to the right, 

liv I) ti'! Jr magnet, the direction of the 

y\\ 11 \' I current and the resultant motion are in three fines at 

W \ /1 angles to each other, butjpry be in either of the 

two directions given by such|j|mies according to the 
particular case, e.g., the cuirep flow may be either into, 
txTT HAMo. ^ ^ ^ convenient method 

piQ, 85 , of determining the direction of any one, when the other 

two are known, is given by Fleming’s Left Hand Rule. 

The thumb, forefinger and middle finger of the left hand are extended in tlnee directions at 
right sri^ as in Fi^. 35 (6), If the ForeFinger then r^resents the direction of Flux 
and twiddle the direction of the eoiTeni /D then the thuMb gives the direction of 


FIg* 35* 
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Motion of the conductor. The letters in bold tj^pe provide a mnemonic for remembering this 
rule. Fig. 35 (6) illustrates the use of the rule for the case considered in Fig. 35 {a). 

BI/ 

The magnitude of the force is given by d 5 mes, where B is the flux density due to the magnet 

in lines per sq. cm., I is the current in amperes flowing in the conductor, and I is the length in cms. 
of the conductor which is in the region of uniform flux density B. 


Example 11. 

Suppose that the pole faces are squares of side 20 cms. and the flux in the gap is 12,000 lines. 
If a current of 3 amps, is flowing through a conductor placed as in Fig. 34, find the mechanical force 
on the conductor. 

^ O 12,000 lines ,. 

B =-r = -= 30 lines per sq. cm. 

A 400 sq. cms. ^ 

1=3 amps. 

I — length of conductor in field = 20 cms. 

^ j , 30 X 3 X 20 ^ 

. •. Force on conductor =-- = 180 dynes. 


131. The motion of a conductor carrying current, when placed in the field of a permanent 
magnet, evidently involves a supply of energy from somewhere to sustain the motion and account 
for the work done on the conductor. If the motion continued as it started, the acceleration imparted 
to the conductor by the electrod 5 mamic force acting on it would result in the conductor attaining 
larger and larger velocities, and possessing correspondingly greater kinetic energy. According to 
Ohm’s Law, all the energy supplied to the conductor by the battery or other source of current is 
dissipated as heat (I*R losses). The magnetism of the permanent magnet is also unimpaired, and 
so the difficulty arises of explaining the source of the vast kinetic energy the conductor would 
eventually acquire. The solution of this problem will be considered later (paragraph 148). It may 
be stated now that the motion of the conductor in a magnetic field gives rise to an E.M.F. opposing 
the current flow and eventually bringing the current to zero, in which case the electrod 5 mamic force 
is then also zero and no further acceleration can take place. 


INDUCTANCE. 

132. The various examples given earlier of magnetic fields produced by electric currents should 
serve to illustrate the principles that:— 

(1) The field strength at any point is directly proportional to the strength of the current 

producing the field. 

(2) The value of the field strength depends on the arrangement of the conductors in which 

the current is flowing. 

For instance, it was stated in paragraph 91 that the field strength along the axis of a solenoid 

was 

, 47tNI ^ , 

H = dynes per umt pole. 

(1) H is directly proportional to I. 

(2) The value of H depends on the value of N //, the turns per unit length, and the reason 

that this factor appears as is because the N turns are wound as in a solenoid. 

lU/ 

Another example is the field due to a current of I amps, flowing in a straight conductor. At a 

21 

distance of r cms. from the conductor the field is dynes per xmit pole. 

The factor connecting field and current is thus as compared with ^^for a solenoid. 
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In air the flux through any area is directly proportional to the field strength, and so it follows 
that in air (or non-ferromagnetic materials generally) the total flux produced by a current is directly 
proportional to the current, and otherwise only depends on the shape of the circuit in which the 
current is flowing. 

In ferromagnetic materials the lines produced by the rearrangement of the molecules, when 
the material is magnetised by the current, also contribute to the total flux. The effect of this will be 
considered later (paragraph 152). 


133. Flax-Linkage.—If the flux due to the current flowing in a single loop of wire, as in 
Fig. 18, is examined, it will be seen that every line must pass through the loop somewhere, or “ link ” 
with the loop. The number of lines linking with the loop is called the flux-linkage with the loop. 
In this case the number of flux-linkages is the same as the total number of lines of flux. 

Now consider the solenoid flux shown in Fig. 19. The majority of the lines of flux link with 
every turn of the solenoid, although there are a number which only link with one or two turns. 
The total flux-linkage with the solenoid is obtained by considering every tium separately, counting 
the number of lines of flux that link with it and adding together all the separate results obtained. 
It is obvious that the toted of flux-linkages is much greater than the number of lines of flux. 

A simple result for this case may be obtained by neglecting the lines that link with only one 

47rNI 

or two turns and assuming that every line links with every turn. The field H is d 5 mes per 

47tNIA 

unit pole, and so the flux = BA = HA (in air) = —lines, where A is the area of each turn. 
The number of turns is N, and as <I> is the flux-linkage per turn, the total niunber of flux- 


linkages is N 4> 


4tcN*AI 

10/ 


134. Self-Inductance.—Flux-linkage is simply the flux multiplied by some munerical factor 
depending on the shape of the circuit; and as the total flux is directly proportional to the current, 
so also will be the total flux-linkage. We may express this proportionality by writing 

Flux linkage _ particular circuit. 

Current 


the constant being different in circuits of different shapes 
and sizes. This constant is called the self-inductance of 
the circuit and given the symbol L. 

The self-inductance of a circuit is thus a geometrical 
property of the circuit, i.e., it depends on the shape and 
arrangement of its various parts and the consequent distri¬ 
bution of the lines of flux in the magnetic field of the circuit. 
It may be defined as the number of flux-linkages with a 
circuit when unit current is flowing. 

The word “ self ” is often omitted and the flux-linkage 
per unit current referred to simply as the “ inductance ” of the circuit. 

Thus, when a current I is flowing in a circuit of inductance L, the number of flux-linkages with 
the circuit is LI. 



Linkage of Flux between Adjacent Circuits, 
Fig. 30. 


135. Mutual Inductance.—Fig. 36 shows two circuits X and Y, both represented as coils of 
wire. Coil Y ^ supposed to be on open circuit for the moment. In coil X a current is maintained 
by the battery E, and some of the lines of flux due to this current are illustrated. It will be seen 
that a number of them link with coil Y, this number depending on :— 

(1) The current flowing in coil X. 

(2) The shape and size of coil X. 

(3) The shape and size of coil Y. 

(4) The positions of coil X and coil Y relative to each other. 
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The number of fliu-linkages with coil Y due to the cuirent flowing in coil X is thus determined 
mutually by the two circuits. It is called the mutual flux-linkage between the two circuits. 

If the situation is reversed, i.e., if coil X be put on open circuit and the same current established 
in coil Y as was previously flowing in coil X, it can be shown that the number of mutual flux-linkages 
is exactly the same as before. It is immaterial in which circuit we consider the current to be 
flowing. 

As the mutual flux-linkage is proportional to the current flowing in either circuit, the procedure 
that was used in dealing with the flux-linkage of one coil due to its own current may again be 
adopted, i.e., we may write 

Mutual flux-linkage = MI, 

where I is the current in either circuit, and M is a constant depending on the configurations and 
relative position of the two circuits. M is called the mutual inductance between the two circuits. 

It may be defined as the number of mutual flux-linkages between two circuits when unit 
current is flowing in either circuit. 

{Note .—Owing to the various units employed, the equations. 

Number of flux-linkages = MI or LI, 

are only correct provided electromagnetic units are used. This is fully explained in paragraphs 
142 and 144.) 

Since both self and mutual flux-linkage are proportional to the current flowing, whenever the 
current alters the flux-linkage must also alter in conformity. The effects produced when the flux- 
linkage of a circuit is altering are of fimdamental importance and will now be considered. 

136. Mutual Induction.—These effects were first investigated by Faraday, and he used a 
circuit similar to that shown in Fig. 36. The circuit of coil X contained a switch S and the terminals 
of coil Y were connected to a galvanometer (shown dotted). As long as a steady current was main¬ 
tained in coil X, i.e., as long as the mutual flux-linkage remained constant, no deflection of the 
galvanometer pointer was observed. Whenever the switch S was made or broken the galvanometer 
pointer was deflected. In other words, whenever the mutual flux linkage between the two circuits 
was changing, a current flowed round the circuit of coil Y. Further, the pointer deflections were 
in opposite Erections according as switch S was being made or broken, i.e., the current flowed in 
opposite directions round the Y circuit according as the mutual flux-linkage was increasing (S 
being made) or decreasing (S being broken). 

This phenomenon is called electromagnetic induction and the current in the Y circuit is 
called an induced current. The flow of a current in circuit Y implies that an E.M.F. must be 
acting in it. This E.M.F. is called an induced E.M.F. 

The production of an induced E.M.F. is the primary phenomenon occurring. The induced 
current flows because the E.M.F. is being developed in a closed circuit. If coil Y is on open circuit, 
an E.M.F. is produced in it as before, but, of course, no current can flow. 

Faraday found that the magnitude of the E.M.F. was proportional to the rate of change of 
mutual flux-linkage between the circuits. The more quickly the current in coil X was altered, the 
greater was the induced E.M.F. 

It has been stated that the direction of the induced E.M.F. depends on whether the change in 
mutual flux-linkage is an increase or a decrease. The induced current flowing in coil Y wiU set up 
a magnetic field of its own, giving rise to mutual flux-linkage with coil X. These linkages may either 
increase or decrease the total mutual flux-linkage between the two coils, according to the direction 
of the cmrent in Y. It is found that when the mutual flux-linkage due to the current in X is 
decreasing (S being broken) the current in Y flows in such a direction as to increase the mutual flu!x- 
linkage ; and conversely, when the current in X is increasing, the direction of the induced current 
in Y is such that it produces mutual flux-linkage to decrease the total. This may be summed up 
by saying that the current in Y tries to keep the mutual flux-linkage constant. If the latter tends 
to Increase, due to an increase in the current in X, the direction of the cmrent in Y is determined by 
the fact that it endeavours to produce mutual linkages to nullify the increase; if the mutual flux- 



186-189 


Cbaptsr III. 


linkage decreases, current flows in Y to endeavour to brinjg it up to its former value. If Y is on 
open circuit and no current can flow, the direction of the induct E.M.F. is still governed by the 
same considerations, i.e., it is such that if the circuit were closed the E.M.F. would tend to send 
current through Y in that direction which kept the mutual flux-linkage constant. 

The direction of the induced E.M.F. is taken to be positive when, assuming that it 
could cause a current to flow, the mutual flux-linkage due to the induced current would 
be in such a direction as to increase the original mutual linkage, i.e., a decrease of the 
original mutual flux-linkage produces a positive E.M.F. Conversely, an increase in the 
initial mutual linkage produces a negative E.M.F., by which is meant an E.M.F. in the opposite 
direction to a positive E.M.F. as above defined. 

137. Self-Induction.—^The production of an E.M.F. of mutual induction naturally leads to 
the question as to whether any corresponding effect occurs when the flux-linkage of a circuit due to 
its own current is altered. Thus, in Fig. 36, whether Y is present or not, the coil X has the same 
number of flux-linkages for a given current. It is found that when the current in X is altering 
there is an E.M.F. produced in X itself which tends to keep the flux-linkage of X constant. It 
is exactly similar in nature to the mutually induced E.M.F. in Y. It is proportional to the rate of 
change of current in X ; and if the flux-linkage of X is increasing [e.g., when the switch S is being 
made), the self-induced E.M.F. acts so as to oppose the increase in flux-linkage, i.e., it opposes the 
battery E.M.F. which is endeavouring to send current through coil X. For this reason it is often 
called the “ back E.M.F. of self-induction.” Conversely, when the switch S is broken and the 
current in X falls to zero, an E.M.F. is induced in X which tends to prevent this decrease of flux- 
linkage. The E.M.F. in this case is therefore in the same direction as the battery E.M.F., so as to 
keep the current flowing as before and preserve the flux-linkage unaltered. 

138. It may easily be seen that these inductive effects are in accordance with the principle of 
conservation of energy. It was shown in Chapter II that energy must be associated with a magnetic 
field, for magnetic poles are set in motion in such fields and acquire kinetic energy. If the magnetic 
field is due to a current, then the energy of the field must have been derived from the source that 
causes the current to flow, i.e., from chemical energy in the case of a battery, or mechanical energy in 
that of a d 5 mamo. As long as the current is steady, the magnetic field, and therefore the magnetic 
energy associated with the current, remain constant and no energy need be taken from the battery 
for this reason. This is in accordance with Ohm’s Law, which is merely another way of saying that 
the chemical energy taken from the battery is transformed into heat energy in the circxiit. If the 
battery E.M.F. is increased, the current should, according to Ohm's Law, increase in proportion. 
This involves an increase in the magnetic energy associated with the current, and while this trans¬ 
formation from chemical to magnetic energy is occurring, all the chemical energy cannot be con¬ 
verted to heat energy. Thus the cmrent does not assume instantaneously the new value it should 
have if calculated by Ohm’s Law, i.e., on the basis that all the energy supphed by the battery is 
converted to heat. It thus appears as if a back E.M.F. is acting in the circuit and limiting the 
current to a smaller value. When the increase in magnetic energy is supplied, the current assumes 
its larger constant value, as calculated from battery E.M.F. divided by resistance, and the back 
E.M.F. disappears. 

Similarly, when the switch is broken, according to Ohm’s Law, the current should fall instan¬ 
taneously to zero, for no more energy is being supplied from the battery. But, as the current 
decreases, the magnetic energy associated with it must also decrease in proportion, i.e., it must 
be transformed into another form of ehergy. It is actually converted into heat energy in the 
conductors forming the circuit, and this transformation takes the form of an E.M.F. tending to 
keep the current flowing and hence to allow the conversion to heat energy to take place. The 
direction of the induced E.M.F. is thus accoimted for. Obviously, the more quickly the current 
changes, the more quickly must the corresponding changes of magnetic energy take place, the 
greater will be the induced E.M.F. 

139. 'These phenomena exhibit a close analogy with the mechanical phenomena which are 
observed when the velocity of a body is altered, and the mechanical analogy is correspondingly 
helpful in understanding inductive effects. 
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It can be shown that any alteration in the velocity of a body is equivalent to altering its kinetic 
energy, and that, in the process, work must be done either by, or on, the body. It is common 
experience, for instance, that much less exertion is required to keep a railway truck steadily moving 
along the line than to start it in motion, and that, if the pull on the truck is removed, it wiU not 
come instantaneously to rest, but will travel some distance along the line under its own “ way." 
If it were not for the retarding friction between the rails and its wheels, the truck would go on 
indefinitely on a level line at the speed that had been imparted to it. The property of a body 
whereby it tends to oppose any change in its motion is called its “ mass ” or “ inertia.” In 
estimating the change of motion produced in a given time by mechanical forces, it is fotmd con¬ 
venient to focus attention on the momentum or “ way ” of the body, which is defined as its mass 
multiplied by its velocity. A body tends to resist any change in its momentum; to effect such a 
change, force must be applied, and the rate of change of momentum is proportional to the force. 
In analysing the rate of change of momentum, the mass generally remains constant and only the 
velocity changes. Thus, rate of change of momentum is equivalent to mass multiplied by rate of 
change of velocity, i.e., mass multiplied by acceleration ; and the applied force is therefore propor¬ 
tional to mass multiplied by acceleration. 

In the electrical case, the quantity that opposes any change in its value is the flux-linkage of 
a circuit, and so flux-linkage may be compared with momentum. Just as momentum consists 
of the product of two factors, mass and velocity, so we have seen (paragraph 134) that flux-linkage 
may be naturally analysed into two factors :— 

(1) The current, which, as it is the rate of flow of a quantity of electricity, may be com¬ 

pared to velocity in mechanics. 

(2) The inductance, self or mutual, of the circuit, which does not depend on the current, 

but on the mutual arrangement of parts of the circuit. Similarly, mass in mechanics 
does not depend on velocity, but on the material and size of the body. Inductance 
may thus be compared to inertia or mass. 

The analogy may be carried further by the consideration that if current corresponds to velocity, 
rate of change of current may be compared with rate of change of velocity, i.e., acceleration ; and 
since the inductance is constant, rate of change of flux-linkage may be analysed into inductance 
multiplied by rate of change of current, corresponding to the analysis of rate of change of momentum 
into inertia multiplied by rate of change of velocity. As the force which must be applied gives, in 
mechanics, a measure of a body’s opposition to change of its momentum, so in the electrical case the 
induced E.M.F. gives a measure of the opposition exerted by an electrical circuit to change in its 
flux-linkage. It should be noticed, however, that although induced E.M.F. may in this instance 
be formally compared with force, the two quantities are defined in different ways (paragraph 49), 
and that, in general, E.M.F. corresponds more closely to the idea in mechanics of potential energy 
per unit mass. 

140. In completing this descriptive account of electromagnetic induction, it may be emphasised 
that when the flux-linkage of a circuit is changing, every new linkage that is produced, or every old 
one that disappears, must in the process pass through the material of the conductors in the circuit 
if it is to make any contribution to the induced E.M.F. In the circuit of Fig. 36 it will be seen that 
this must be the case, for the mutual flux-linkages have started from coil X and must have cut coil 
Y when they were being established. Similarly, as the flux due to the current in X collapses when 
the circuit is opened by breaking the switch, every mutual linkage must cut coil Y in disappearing. 
This gives another way of estimating the induced E.M.F. in any part of a circuit, viz., by the number 
of lines of flux which pass through it or cut " it. It is partic^arly useful in the case of a straight 
conductor, where the idea of “ inter-linking " flux lines is not so obvious. 

This explains why flux-linkage and not flux is the important factor in induction. The greater 
the number of conductors which are cut by a line of flux in disappearing (*.«., the greater its original 
flux-linkage) the larger is the induced E.M.F. 

141. The mathematical formulation of Faraday’s Law will now be considered. The law 
states that the induced E.M.F. is proportional to the rate of change (with time) of flux-lirikage. 
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Fhix-linkage may be denoted by N to indicate that it is measured by lines of flux multiplied 
by a purely numerical factor (paragraph 133). In the notation of the calculus, rate of increase of 


d (N (P) 

flux-linkage with time is then expressed as —— 


rate of decrease as — 


(NO) 
dt 


It has already 


been stated that the E.M.F. (E) is to be considered positive when it is due to a decrease of flux- 
linkage. Thus Faraday's Law is expressed by the formula 


E = K X 


(NO) 

dt 


= -K' 


(NO) 
dt 


where K is the factor of proportionality. 

Also it has been seen that flux-linkage is equal to inductance multiplied by current, 
i.e., N 0 = LI, (if we consider self-inductance), 

andso^-M = liP 


dt 


dt 


since L is constant. 
at 


dl 

E = -KL,-. 


142. The units of E.M.F. and current have already been chosen from direct current considera¬ 
tions, but no unit of inductance has so far been specified, and we are at liberty to choose any unit 
that simplifies the above formula. The unit of inductance is defined so that K= 1 in the expression 
of Faraday’s Law when the E.M.F., current, and inductance are measured in electromagnetic units. 
The law then becomes 


E = 



and defines the E.M.U. of self-inductance as follows :— 


The self-inductance of a circuit is one E.M.U. if the E.M.F. induced in it is one E.M.U. when 
the current is changing at the rate of one E.M.U. of current per second. 

The E.M.U. of mutual inductance is obtained in a similar manner. As N <1> = MI in this 
case, Faraday’s Law becomes 


E = 



if the E.M.U. of mutual inductance is defined to correspond with that of self-inductance. 

The mutual inductance of two circuits is one E.M.U. if, when the current in one of them is 
changing at the rate of one E.M.U. of current per second, the induced E.M.F. in the other is one 
E.M.U. 

The E.M.U. of self or mutual inductance is called the centimetre. 


As has been taken equal to L ^ and M^ in the derivation of the above units, this is 


really equivalent to defining what is to be considered one flux-linkage on the electromagnetic system. 
In a circuit of unit self-inductance, when the current is changing at the rate of one E.M.U. per 


dl 

second, i.e,, L = 1, and -r, = 1, 

at 

dl 

L— — 
^.dt ~ 


1, and therefore 


d(N<l)) 

dt 


= 1 . 


In other words, the flux-linkage changes by one whenever the current changes by one E.M.U., 
and so a current of one E.M.U. flowing in a circuit whose inductance is one E.M.U. must produce 
one flux-linkage on the electromagnetic system, or one E.M.U. of flux-linkage. 

Thus N C* = LI, or N <I> = MI, provided each quantity is expressed in electromagnetic units. 
It will be seen in paragraph 144 that this equation is modified % a numerical factor when the 
quantities are e}q>ressed in practical units. 
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143. Faraday’s Law in Practical Units. —In this case the constant K is again made equal 
to unity by a .suitable choice of the practical units of inductance, i,e., the law is again written as 

dl dl 

E = —L orE = — M^; 

at at 

The practical unit of inductance is called the Henry and the above law involves its definition 
as follows:— 

(1) Self-Inductance.—A circuit has a self-inductance of one henry if the E.M.F. 

induced in it is one volt when the current is changing at the rate of one 
ampere per second. 

(2) Mutual Inductance.—Two circuits have a mutual inductance of one henry if 

the E.M.F. induced in one of them is one volt when the current in the other 
is changing at the rate of one ampere per second. 


In the circuits used in wireless telegraphy, the henry is an inconveniently large unit, and 
inductance is usually given in the following submultiples ;— 

1 millihenry (wH) = one thousandth (10”®) of a henry ; 

1 microhenry ((aH) = one millionth (10‘®) of a henry. 

The microhenry is often abbreviated to the “ mic.” 

144. The relation between the E.M.U. of inductance (the cm.) and the henry is easily obtained 
from the corresponding relations for current and E.M.F. 

, 1 volt 10« E.M.U. of E.M.F. 

1 henry = -= - 

•’ 1 amp. per sec. 


jQ E.M.U. of current per sec. 


= 10* X 


Thus 1 mic. 


1 E.M.U. of E.M.F. 

1 E.M.U. of current per sec. 
10® cms. 


= 10® cms. 


No corresponding practical unit of flux-linkage is used. The E.M.U. of flux-linkage is the 
only unit employed. One flux-linkage is associated with a circuit of inductance 1 cm. when a 
current of one E.M.U. is flowing, and so 10® flux-linkages are associated for the same current with a 
circuit whose inductance is one henry. If the current is one amp. (one-tenth of an E.M.U.) the 

10 * 

number of flux-linkages is therefore -yQ = 10® for a circuit of inductance 1 henry. Thus when L, or 

M, and I are expressed in practical units, the flux-linkage is given by 

N d) = LI X 10® and N O = MI X 10®, 
or LI = N O X 10-® and MI = N 4) X lO'®. 

It follows that the rate of change of flux-linkage with a circuit must be 10* flux-linkages per 
second to induce an E.M.F. of one volt. 


Thus Faraday’s Law may be written in terms of induced E.M.F. and rate of change of flux- 
linkage as 

(I) E = - —E.M.U. of E.M.F. or (2) E = — X lO"* volts. 

at at 

Example 12. 

The current is increasing uniformly at the rate of 2 amps, per second in a circuit of inductance 
0-5 henry. Find 

(1) The induced E.M.F. in volts ; and (2) the rate of change of flux-linkage. 


(J) 


dt 


amps. 


L = 0*5 henry ; 


.•.E = 



0-5 X 2 


— 1 volt. 


see. 
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The minus sign indicates that the E.M.F. is acting to oppose the increase of current, i.6, it 
is a back E.M.F. 

(2) The flux-linkage produced by a current of 2 amps, flowing in a circuit of inductance 0-5 
henry is given by 

N <I> = 0-5 X 2 X 10* = 10». 

As the current is increasing by 2 amps, every second, the flux-linkage must therefore be increasing 
by 10 * units per second. 

The application of Faraday’s Law in its flux-linkage expression also shows that this gives rise 
to a back E.M.F. of one volt. 

_ (N <I>) ,- - units g , 

E -^- 3 :— X 10 • = — 10®- X 10"® = — 1 volt. 

dt sec. 


Example 13. 

The field in an air-cored coil of 300 turns, axial length 15 cms. and area 50 sq. cms., decreases 
uniformly from 600 gauss to 400 gauss in 0-005 second. Assuming that the field is uniform every¬ 
where inside the coil, find 


(a) The E.M.F. induced ; and ( 6 ) The self-inductance of the coil. 
(a) When H = 600 gauss; N O = 300 x 600 x 50 = 9 X 10* E.M.U. 

When H = 400 gauss ; N O = 300 x 400 X 50 = 6 X 10* E.M.U. 


. ^(NO) 
’• dt 


3 X 10* 
0-005 


= — 6 X 10* E.M.U. per sec. 


d (N Ol 

.’. Induced E.M.F. - —- x 10“* volts = 6 x 10® X 10"® = 6 volts. 

The E.M.F. appears as positive, i.e., it is trying to keep the current and therefore the field up 
to its initial value. 


„ 47cNI, ^, N 300 

( 0 ) ror a solenoid, H = —, where I is the current in amps, and y- = turns per cm. = -jy 

20 in this case. 

When H = 600 gauss, I = N O = 9 x 10*. In practical units 


LI = N4> X 10-®, 


T 9 X 10-* X 10“® X SOtt , ^ ^ 

. L =-- henry = 3-77 X 10~* henry = 3-77 wH. 


6,000 


Alternatively;— 


H = 600 gauss, I = 


- ^ 
" dt 


6,000 

SOti 


amps. H = 400. gauss, I = 


4,000 

80rt 


amps. 


2.000 

8o;rx 0-665 P"" 


E = -L 


dt 


i.e., 6 = — L X — 


2,000 


8071 X 0-005 


^ 6 X 807t X 0-005, . „ 

.. L =--henry = 3-77 wH. 


It should be noted that for an actual coil of these dimensions these results are rather high, as 
in practice, with an air core, every line of flux does not link with every turn (c/. Fig. 19). 


145. There are various wa 3 rs, other than alteration of current, by which the flux-linkage of a 
circuit may be changed. Thus, in Fig. 36 the coil Y might be moved about in the magnetic field of 
eoil Such movements would obviously alter its mutual flux-linkage and an E.M.F. would be 
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induced in it. Again, the magnetic field need not be directly due to a current. It may be the 
field of a permanent magnet. The methods for inducing E.M.Fs. may be classified as follows;— 

(1) Variable flux and stationary conductor. 

(2) Moving flux and stationary conductor. 

(3) Stationary flux and moving conductor. 

(4) Variable flux and moving conductor. 

Case (1) is that which has already been considered. The other cases occur in the production 
of E.M.Fs. in dynamos and alternators. Case (3) wiU now be considered. It is illustrated in 
Fig. 37 («). 

146. It is more convenient in this instance to consider the flux cut by the conductor in its 
motion. It is at once evident that lines of flux are only cut across by the conductor, provided its 

motion has some component at right angles to 
the direction of the field. If the conductor is 
moved straight from one pole face to the other 
itismoving parallel to the linesof fluxanddoes 
not cut them. Thus no E.M.F. is induced in it 
(paragraph 140). If the conductor is moving 
in any other direction it must cut flux lines and 
so have an E.M.F. induced. The simplest cas^ 
to consider is that in which the motion of the 
conductor is at right angles both to its own 
length and to the direction of the field (as¬ 
sumed to be uniform). 

If the velocity of the conductor is v cms. 
per second and its length in the field is I cms., 
then the area it traverses at right angles to the 
field in one second is Iv sq. cms. If the flux density is B lines per sq. cm., the flux O through this 
area is Blv lines. The conductor thus cuts B/w lines per second, and so by Faraday’s Law the 
E.M.F. induced in it is Blv x 10"* volts. 

More generally, if the motion of the conductor makes am amgle 0 with the direction of the flux, 
instead of being perpendicular to it, the distamce the conductor travels perpendicular to the flux is 
V sin 6 cms. per second. It thus sweeps out an area of Iv sin 0 sq. cms. perpendicular to the field 
every second and so cuts Blv sin 0 lines per second. Hence the induced E.M.F. is Blv sin 0 x 10~® 
volts. 

In the particular case when 0 = 90°, i.e., the conductor is moved perpendiculair to the field, sin 
0 = 1 and the induced E.M.F. is Blv x 10"* volts, as was directly calculated above for this case. 

Example 14. 

A conductor 25 cms. long is moved at right angles to its own length across a magnetic field 
whose flux density is 2,000 lines per square centimetre with a velocity of 50 ft. per second, the 
direction of motion being such that it makes an angle of 30° with the direction of the field.' Find 
the E.M.F. induced in the conductor. 

E.M.F. in volts = 10“* X rate of change of flux-linkage. The rate of change of flux-linkage 
is the rate at which the conductor cuts across the lines of flux, i.e., it is given by the formula above, 

E = Blv sin 0 X lO"* volts. 

B = 2,000 lines per sq. cm., / = 25 cms., v = 50 X 30-48 cms. per sec. 

sin 0 = sin 30° = 0-5. 

.-. E = 2,000 X 25 X 50 X 30-48 X 0-5 X 10-» volts = 0-381 volt. 

147. Fleming’s Right Hand Rule.—^When the motion of the conductor is at right angles 
botji to its own length and to the magnetic field, this rule provides a convenient method of deter¬ 
mining the direction of the induced E.M.F. The thumb, forefinger and middle finger of the right 




Illustrating Fleming’s “ Right Hand Rule.’* 
Fig. 37. 
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hand are extended at light angles to each other as shown in Fig. 37 (b). The hand is then arranged 
so that the thuMb points in the direction of Motion of the conductor, and the ForeFinger in the 
direction of the Flux. The Middle Finger then gives the direction of the induced E.M.F. It can 
easily be verified that if either the flux or the motion is reversed in direction, the E.M.F. is also 
reversed in direction. If both flux and motion are reversed, the direction of the E.M.F. is unaltered. 

The principle behind this rule is the same as that which has already been derived in considering 
£.M.Fs. induced by varying currents, viz., that the circuit opposes any alteration in the electrical 
conditions, and that the induced E.M.F. is an attempt to preserve the status quo. Suppose the ends 
of the moving conductor are joined by a wire so as to form a closed circuit. A current will flow 
owing to the induced E.M.F. In Fig. 37 (a) the direction of this current is indicated by arrows. 

Reference to Fig. 35 shows that the flux due to a current in this direction interacts with the 
flux of the magnet to produce an “ electrodynamic force ” on the conductor in the opposite direction 
to its motion, and therefore tending to arrest the motion of the conductor which is causing the 
induced E.M.F. Thus, if the motion of the conductor is to continue, an extra force must be applied 
to overcome the electrodynamic force. This involves the expenditure of more work on the con¬ 
ductor, and this extra work is the source of the energy which is converted to heat when the induced 
E.M.F. is acting in a closed circuit and current is able to flow. If the moving conductor is on open 
circuit, the induced E.M.F. is still in a direction such that if the circuit were closed and current 
could flow, the electrodynamic force set up would oppose the motion. In the open circuit case no 
extra work is necessary to preserve uniform motion of the conductor, as no conversion of energy is 
taking place. A force will, of course, be necessary to overcome mechanical resistance to motion 
sudh as friction and air resistance. 

These “ inertial ” tendencies of electrical circuits are conveniently summed up, for conductors 
moving in magnetic fields, in Lenz’s Law. 

Lena’s Law.— The direction of the induced E.M.F. produced by the motion of a conductor 
in a magnetic field is su'd! that if induced current could flow, it would produce a force opposing 
the motion. 

148. We are now in a position to discuss the solution of the problem indicated in paragraph 131, 
viz., when placed in a magnetic field, a conductor carrying current is acted on by an electrodynamic 
force propoiticmi to the airrent, and is therefore accelerated with consequent increase in kinetic 
energy. What is the source of the energy, and will the velocity of the conductor increase indefinitely ? 

We shall assume the same arrangement as in Fig. 35, and suppose that the source of current 
in the conductor is a cell connected across its ends by means of long extensible leads whose resistance 
we may neglect. Thus, when placed between the poles of the magnet, the current-carrying conductor 
has an acceleration to the right. But, as soon as it starts in motion, it cuts lines of flux and so has 
an E.M.F. induced in it. The application of Fleming’s Right Hand Rule to Fig. 35 shows at once 
that the E.M.F. is in a direction opposing the flow of current in the conductor. The current falls, 
and the dectrodynamic force, being proportional to the current, is correspondingly decreased. As 
tire cuarent is now less than its originm value (battery E.M.F. -;- resistance) this indicates that 
fhe energy taken from the battery is no longer being completely converted into heat energy in the 
conductor. If at any moment I is the current flowing, E the E.M.F. of the battery, and R the 
resistance oi the conductor circuit, then the resultant E.M.F. is 

E — induced E.M.F., 

and by Kirchhoff's Law this is equal to the fall of potential RI round the circuit. 

i.e., E - induced E.M.F. = RI. El - induced E.M.F. x I = RP. 

El is the energy taken from the battery per second, and RI® is the heat'fenergy produced 
in the circuit per second. 

There is 'thus ah amount of energy, equal to induced E.M.F. X I per, second, which is being used 
up in softie other Way. It is this energy which supplies the kinetic energy acquired by the conductor. 
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As the electrodynamic force decreases, so the acceleration of the conductor decreases, i.e., 
the amount of kinetic energy it acquires per second decreases, but as long as any current flows 
there will be a force and therefore an acceleration. As the velocity of the conductor increases, 
however, the induced E.M.F., which is proportional to the velocity (paragraph 146), also increases, 
so that eventually a time will come when it is equal to the battery E.M.F. The current in the 
conductor then falls to zero, and the latter experiences no further acceleration, but goes on with 
constant velocity. No energy is then being taken from the battery (I = 0 ), as we should expect, 
for there is no heat produced in the conductor, nor is its kinetic energy increasing. 

In a practical case, of course, this limiting condition is not reached, as sufficient cxirrent must 
flow to give a force overcoming friction and air resistance. The velocity of the conductor thus 
becomes constant before the current in it falls to zero and the induced E.M.F. never quite becomes 
equal to the battery E.M.F. 

The above argument gives the essential theory of the electric motor (Chapter IV). We shall 
now return to the discussion of self and mutual inductance. 
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INDUCTANCES IN SERIES 
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149. Inductances in Series.—^Three inductances, L^, Lj and Lj, are shown in series in Fig. 
(a). In this arrangement the same current (I) flows through each of them, by Kirchhoff’s 

First Law. If the inductances are in henries and the current 
in amps., the flux-linkages associated with the three coils are 
Ljl X 10®, Ljl X 10®, and Ljl x 10® respectively (paragraph 
144). 

Thus the total flux-linkage is (L^ -(- Lj -j- Lg) I x 10* 
and so the equivalent inductance L producing the same 
number of flux-linkages (LI x 10*) is given by 

L = Lj -f- L 2 H- L 3 . 

It will be seen that the procedure for finding the equiva¬ 
lent inductance of a number of inductances in series is the 
same as in the corresponding arrangement for resistances. 

It should be noted that the above result depends on the 
assumption that none of the flux produced in one of the 
inductances links with either of the others. If this occurred, the equivalent inductance of the 
three coils would be less or greater than the sum of their individual inductances, according to the 
amount of such mutual flux linkage and its direction. 




n I 




INDUCTANCE} IN PARACkCL. 

Fig. 38. 


150. Inductances in Parallel.—The arrangement is shown in Fig. 38 (b). The equivalent 
inductance is found most simply in this case by a consideration of the back E.M.Fs. induced when 
the current is increasing. With a steady current (I) flowing, the currents flowing in the three 
parallel paths are taken as I^, 13 and I 3 . 


By Kirchhoff’s First Law 

I = Ii + I2 + I3 


' ' di dt dt dt 


Suppose now that the current I is increased. Ii, Is and Ig must increase to keep their sum 
equal to I. While this is happening, back E.M.Fs. are induced in them of values 

Lj^ Lj and Lj^ respectively. 


The potentials at C and D at any given moment can only have one value each, and so the P.D. 
between C and D must be independent of whichever path it is reckoned for. Thus the back E.M.Fs. 
in the three paths must be equal to each other at every moment. 


i.e., Li 


dll 

dt 


T ILa 

dt 


= L 


3 = E (back E.M,F.). 
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If the equivalent inductance is L, then this coil should give the same back E.M.F., E., when the 
total change of current takes place through it, 

dl 

i ^ -i-4-^ 4-1. 4-?. 

‘•L dt dt'^dt'^dt Lj L, L, 

. Ul+1+1 

• • L L, ^ L 3 + Ls 

Thus, inductances in parallel behave like resistances in parallel. It must again be emphasised that 
no mutual linkage must take place between the fluxes produced in the separate coils for this proof 
to be correct. 

(This proof is repeated in Chapter V for the case of alternating current, where the expres- 
dl 

sions^ etc., can be evaluated more exactly.) 

When mutual linkage is present, in simple cases an easy analytical result follows. Thus in 
Fig. 38 ( 6 ) we may take two inductances only, and Lg, and arrange them so that the mutual 
field either assists or opposes the individual fields, the " parallel aiding ” and " parallel opposing ” 
connections respectively. We have— 

T ▼ . T , d\a ... 

I = Ii + I, and 57 = -^ + -^ . (1) 

As before, the back E.M.Fs. in each path from C to D must be equal; in this case the back 

E.M.F. is affected by the mutual field. If L represents the single inductance equivalent to the 

combination— 

±Mf . 

(L,±M)f = (L,±M)f' . (3) 

From ( 1 ) and (3) 

. / L, d: M \ dl, [ U + U± 2M \ dl, 

'* if 7 “V Li±M J dt 

From (2) 

. LjL, —M* 

• • ^“■Li + L,± 2 M 

i.e., In parallel aiding L 
In pnraUd oppclnt L _ 


I5I. Types of Inductance.—^The result above for the equivalent self-inductance of a number 
of inductances in series leads to a consideration of the various vfays in which a length of wire may 
be wound to give the greatest self-inductance. If the wire is straight, the lines of flux are circles 
round it, and so when they change, with changing current, any new lines in being formed will only 
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cut a small part of the wire. The case is thus equivalent to a number of small inductances in series 
with no mutual linkage, and the self-inductance of the whole wire is merely the sum of the self¬ 
inductances of its parts. 

The circumstances are completely altered when the wire is wound in the form of a coil. The 

self-inductance of the complete , 
coil is much larger than the sum 
of the self-inductances of each 
turn ; for the current flowing in 
any one turn produces flux lines 
which not oifly link with that 
turn but also with many of the 
other turns, i.e,, there is mutual 
inductance between the turns. 
The total self-inductance of the 
coil is the sum of the self-induct¬ 
ances of all the turns plus the sum 
of all the mutual inductances 
between the turns. Thus for a 
given length of wire, the in¬ 
ductance is greatly increased by 
winding it in solenoidal form. 

Fig. 39 {a) is an Dpened out diagram of 
Some loops due to link 




WlfUKUl 

—, ‘X 


1 r 

(e) 

Fig. 39. 


(f> 


This matter is made clearer by reference to Fig. 39. 

two loops of a coil, and shows individual loops of flux due to each coil. __ 

with Lj and are denoted by similarly, for those due to L, which also link with L^, we have L,,. 
Hence we may write for the total inductance, L = L, + Lg + Li, + L,i. From the definition of 
mutual inductance, we have = L,! = M. 

L = Lj + Lj 4- 2M .series aiding. 

If the loop L, is turned through 180'’, as shown in Fig. 39 (c), the mutual flux will be in 
opposition, and for the whole we have 


L = Lj -f La — 2M ..series opposing. 

These two results have several important applications, since they apply equally when Lj and 
L, each represent coils of several turns, with a mutual inductance M between them, as shown in 
Fig. 39 (6). 

The practic^ measurement of M in the laboratory consists in measuring the total inductance 
of the combination resulting when the primary and secondary are joined in “ series aiding ” and 
" series opposing ” respectively. In Fig. 39 (6), the primary may be joined, as shown, to the point 
A, or the connection may be made to ptoint B ; the difference between the two measured inductances 
is then 4M. 

Fig. 39 (c) also illustrates the principle of the variometer (paragraph 154). The latter consists 
of two coils in series, arrangements being made so that one coil may be rotated through 180° inside 
the other. Fig. 39 (/) is the symbolical representation of a variometer. 

If the coupling between two loops, arranged as in Fig. 39 (c), is sufficiently tight, the whole of 
the flux will link with both loops and the mutual flux will equal the individual flux. In the ideal 
case, complete cancellation of the flux results, and the arrangement is completely non-inductive. 
A non-inductive coil may be arranged by winding it on the “ bight," as shown in Fig. 39 (d), or it 
may be arranged in the form of a grid. Fig. 39 (c). 


152. The self-inductance of a solenoid is easily deduced from the result obtained in paraeraph 
133, viz., ^ ^ 

47cN«AI. 


Flux-linkage =- 


10 / 


. But flux-linkage « LI X 10* 


, , 47cN»A 

.. L *= — j — X 10~* henry. 
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It will be recalled that this result was based on the assumption that every line of flux produced 
linked with every turn. This is hardly justifiable for air-cored solenoids, as reference to Fig. 18 
will show. It is much more nearly the case if the solenoid has an iron core, for the lines of flux 
find a much easier path in iron and do not tend to " leak ” to the outside of the solenoid and complete 
themselves after linking with only a few turns, as happens with the air-cored solenoid. In addition, 
when a current flows in the coil, the iron becomes magnetised and adds its own flux lines to those 
produced directly by the current. The total fluxdinkage is thus much greater in an iron-cored 
solenoid than in an air-cored solenoid of the same dimensions. The self-induptance of such a 
solenoid may be calculated as follows :— 

„ 47rNI, ^ 47 iN|jlAI,. 

H = ■ dynes per umt pole. .•.<!> = (iHA = —— lines 

Total flux-linkages = ^ ^ 

. L = X 10-» henry. 

Since (i is variable and depends on the current flowing in the coU (paragraph 88), the inductance 
of an iron-cored coil is likewise variable, a point which is of considerable importance in the design 
of such coils for wireless telegraphy circuits (c/. paragraph 154 and F.20). 


153. Another representation of non-inductive winding is given in Fig. 40 (a). The wire is 
doubled back on itself, before winding, or in a bight as shown. Thus the current flows in opposite 
directions in adjacent turns and no resultant field and flux can be set up. Such a coil is said to be 
" non-inductively wound.” 

The coils in Fig. 40 are shown in order of increasing inductance from left' to right, to illustrate 
the above remarks. In Fig. 40 (/), a complete path in iron for the lines of flux is provided; there is 
thus practically no leakage, and every line links with every turn. 

In a dynamo or motor the flux lines produced by the current flowing in the field coils are 
established in material that is nearly all ferromagnetic, the only air they traverse being in the 
narrow gaps between the poles and the armature. The field coils, which may have many turns and 
. carry large currents, are thus highly inductive, and very large 

induced E.M.Fs. are developed when the current is altering. 
The effect of this is not important on making the field circuit, 
the current merely taking longer to rise to its final value, 
but imdesirable results may follow on breaking the circuit. 
The induced E.M.F. may be large enough to produce a spark 
or arc at the break or across the insulation of various turns 
and so damage the machine. Provision must be made in the 
design for the current to die away slowly enough to limit the 
induced E.M.F. to a reasonable amount. 



Various forms of Inductance. 
Fig. 40. 


154. Inductances met with in Wireless Telegraphy Circuits.—^These may be classified 
as:— 

(«) Inductances having a maximum of inductance (of the order of henries) in a Tnininuim of 
space, and large current-carrying capacity. These will have iron cores. Such are armatures and 
field coils of motors, dynamos and alternators, transformers, induction coils, etc. 


{b) Receiving Inductances. 

Inductances used in receiving circuits usually consist of a munber of insulated turns of wire, 
closely wound on a cylinder of insulating material. Owing to the fact that voltages and currents 
are small in receiving circiuts, the insulation need not be excessive, and such inductances can be 
very compact. Ohmic resistance must be kept small, and this is secured by using wire ma/j p of 
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interwoven insulated strands. Either single layer or multiple layer coils can be used. Variations 
in the value of the inductance can be ensured in two ways, either by having a sliding contact which 
only brings a certain number of turns into the circuit, or by employing a variometer—Fig. 39 (J). 

A variometer inductance is composed of two coils in series, so arranged that their fields can be 
made to assist or to oppose each other. In one limiting position, the direction of the windings of 
the two coils is such that the field produced by one annuls nearly all the field due to the other, and 
the inductance of the two coils is a-minimum. When the moving coil is rotated through 180° the 
fields are additive, and the inductance is a maximvnn. In intermediate positions the combined 
inductance can be made to vary continuously between one extreme and the other according to the 
angle between the axes of the coils. 

Thus a variometer affords a very delicate variation of inductance. 

The maximum values of inductances used in receiving circuits may be of the order of hundreds 
or thousands of microhenries. 

(c) Transmitting Inductances. 

In general the difference between receiving and transmitting inductances may be summed up 
in the statement that the latter are 

(1) of far larger dimensions, 

(2) not always capable of continuous variation. 

They have to carry much greater currents and have mudi greater voltages induced across 
them. Thus they are generally constructed of copper tubing or multi-stranded wire, with well- 
spaced turns and high insulation. Inductances used in the primaries of spark oscillators are of 
small value, of the order of pH, while those used in the aerial coils of spark and continuous wave 
sets are considerably larger value, though still of the same order. 

(d) Iron-cored Inductances. 

Up to about 1933 the tuning of circuits was carried out principally by means of variable 
condensers and fixed inductances. Owing to large hysteresis and eddy current losses, it had not 
been possible to use iron-cored inductances in R/F circuits. Since that date certain special low 
loss iron cores have been developed for use in connection with permeability tuning (F.20), and it 
is now possible to use inductances very much more compact in form than those formerly available.. 
A fuller reference is found in F.20. 


155. Practical Calculation of Self-Inductance.—The limitations of the formulae obtained 
for the self-inductance of air and air-cored solenoids have already been mentioned. For a toroidal 
coil, i.e., a coil wound on an iron anchor ring, the formula for an iron-cored solenoid, viz., 

47tN»pA 


L = 


I 


X 10*^ henry 


is very nearly correct, if the cross-section of the ring is circular, and small in dimensions compared 
with the length of the ring. 

Large corrections may have to be made to fit the formula for practical calculation in other 

cases, but the practical formula which will now be developed for air-cored coils is based on the 

theoretical result found for such a coil in paragraph 152, 

^ 47rN*A , « u 

VIZ., L = — j — X 10 * henry. 

N is the number of turns. Also, in a circular coil A == tw®, where r is the radius of the coU. 


Hence we may write L = 


47^N®i'® 


X lO”* henry. 


I 
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In the practical formula the factor N* is retained and one of the f’s in r*. The remaining 



factors are assimilated into a “ form factor ” F, which depends on the dimensions of the coil, and 
which is determined from the curve in Fig. 41 in a way to be described. The formula then becomes 



L = r X N® X F |xH, 
where r = mean radius of coil in inches, 
N = number of turns in coil, 

F = form factor of coU. 


To obtain F, the ratio is first determined 


where I = winding length in inches, 

d = depth of the winding in inches, or thickness of the wire used if the coil is single 
layer. 


The corresponding value of F is then read off from the graph of F against 


r 

I d 


in Fig. 


41. 


The above data can be obtained in the following manner :— 

(1) Measure the radius of the former and add half the depth of the winding (Fig. 42), or 
half the diameter of the wire used; or, measure the circumference of the former, 
divide by 27r and add half the depth of the winding. This gives r. 














Chapter III. 


15fr-156 


(2) Meastire the total winding length of the coil in inches. This gives U 

(3) Count the total number of turns in the coil; or, if there are a great many turns, count 

the munber in, say, one inch of winding length and multiply by 1. This gives N. 

(4) Determine " d,” the depth of the winding. In a single-layer coil this will be the 

diameter of the wire used. 


f 

(5) Work out the ratio | —^ 

Y 

(6) Find the value of F from the curve corresponding to the ratio careful to 

work on the right part of the curve, and to read the scale very accurately. 


For values of 


l-\-d 


-which are between 4 and 8, the value of F can be foimd 


thus : divide j — ^ by 2 ; look up the value of F corresponding to this, add 0-0220 

to this value, and the answer will be the correct value of F, 

(7) Work out the formula 


L = f X N* X F mics. 


Example 15. 

It is required to determine the inductance of a single layer coil of 64 turns of wire 0*08 in. in 
diameter, wound on a former of 2-65 in. radius, for a winding length of 16-2 in 

(1) Radius of former =2-65 in. 

Half diameter of wire = 0 - 04 in. 

Mean radius of coil = 2 • 69 in. 

(2) / = 16-2 inches. 

(3) N = 64 turns. 

(4) = 0 - 08 inches. 

r _ 2-69 2-69 ^ 

I ■^d~ 16-2 -t-0-08 ~ 16-28 

(6) F = 0-0145 (from the lowest curve). 

(7) L = 2-69 X 64» x 0-0145 = 160 {iH. 

If the coil is wound on a former having asquare 
cross-section (Fig. 43(a)) instead of on a cylinder,its 
self-inductance will be from 22 per cent, to 27^ per 
cent, greater than that of the corresponding cylin¬ 
drical coil which would be bounded by the circle 
inscribed in the square that forms the boundary 
of the coil. 

If the coil is wound on a hexagonal (six-sided) 
former (Fig. 43 (6)) its self-inductance will be about 
10 per cent, greater than that of the corresponding 
cylindricalcoilwhichwouldbe bounded by thecircle 
inscribed in the hexagon bounding the coil. 

In order to obtain the maximum self-inductance with the minimum length of wire, the diameter 
of the coil should be 2*414 times the winding length. 






Fig. 43. 


156. To wind a coU of given Self-inductance. —^The problem of calculating self-inductance 
is usually presented to us in another form. 

. Instead of having to find the inductance of a given coil of wire, we have usually to wind a 
COU of given self-inductance. 
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Having first selected a former, and the size of wire necessary, we wrap some of the wire roimd 
the former with the same spacing (if any) that we are going to use in the finished coU. We then 
measure the axird length occupi^ by 10, 20 or more turns, taking the measurements in inches. 

Suppose we have an idea that somewhere between 100 and 200 turns will be correct for our 
particular inductance. 

Assume 100, 130, 160 ai^d 200 turns, working out the inductance in each case. Probably 
none of these numbers will be the exact number of (iH we require. By making a rough curve of 
fiH and turns we can then pick out fairly exactly the number of turns necessary. From the 
formula given above it may be deduced that the more closely the turns are spaced, and the greater 
the diameter of the coil, the greater will be its inductance. 

It is not 90 easy a matter to calculate the inductance of a coil wound on an iron core, since the 
reluctance of the various magnetic paths has to be taken into account. 

The method of making this calculation is given in any standard electrical textbook. 


157. The Magnetic Energy associated with a Current may be expressed in terms of the 
current and the self-inductance of the circuit in which the current is flowing. It is not possible to 
do this in an elementary manner, and those who are unable to follow the argument must merely 
accept the result. 

The magnetic energy associated with a current of I amps, flowing in a circuit of 
self-inductance L henries is ^ LP joules. 

This formula may be derived as follows ;— 

It has already been mentioned several times that the current does not rise immediately to its 
final value in an inductive circuit. While it is increasing from zero to I, a back E.M.F. is established. 
Let the value of the current, at a time t seconds after it has started to flow, be t amps. The 

di 

back E.M.F. at this moment is — L ^ volts, and the applied E.M.F. necessary to overcome this 


is + L ^ volts. Thus the power or rate of working of the applied E.M.F. at this particular 


moment t is 


Et = Lt ^ watts 


and the energy taken from the source of E.M.F. in a short interval of time dt seconds is 


Et. dt = U-jT. dt 
at 


hi . di joules. 


This is the amount of energy which is stored in the field as magnetic energy during the interval 
dt. The total energy stored in the field of the current will be obtained by adding together the 
separate small amounts derived as above until the current reaches its final steady value I, when the 
back E.M.F. falls to zero and no more magnetic energy is produced, i.e., by integrating Li . di 
between the current limits 0 and I. 


f* r 

Li .di= J LP = i LI* joules. 
Jo L Jo 


It will be seen that the time does not appear in the result. The total magnetic energy is the 
same whether the current is established quickly or slowly. 

Example 16. 

What is the magnetic energy in the field due to a current of 2 amps flowing in a circuit of 
inductance 500 (iH ? 

L = 500 fiH = 5 X 10"^ henry 


.•. Energy 


J X 5 X 10^ X 4 


10^ joule or j'Q^joule, 
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A descriptive account of the growth and decay 
of currents in inductive circuits has already been 
given, and the practical effects noted. The mathe¬ 
matical investigation will now be considered and 
the exact way in which the current depends on the 
inductance and resistance examined. The complete 
derivation is given ; those who are unable to follow 
it should concentrate attention on the results and 
their graphical illustration (Fig. 44). 


Growth of Current in a Circuit containing 
Inductance and Resistance. —The circuit is shown in 
Fig. 45. A battery of E volts is available to send current 
round the circuit when the switch S is made to Y. R is the 
total resistance of the battery, coil and leads, in ohms. 
L is the self-inductance of the coil in henries. Zero time is 
the moment at which the switch is made, and 'W seconds afterwards the current is “ tamps. 

Thus at / = 0, 1 = 0. 

The P.D. across the resistance at time “ < ” is iR. 

Bv Kirchhoff's Law this is equal to the resultant E.M.F. acting in the circuit, which is the applied E.M.F.. 

di 

^ E, less the back E.M.F. L —. 




1 


S Y 

Fig. 45. 


di 

•. E - L - 7 - = iR. 
di 

The solution of this equation for i in terms of t determines the current at any instant 
after the circuit is closed. 

di di 

ReaiTangement gives ^ ^ == 

Integrating both sides, — log, (E — iR) = j--!- a constant term, or log, (E — fR) = — -jj -f a constant term. 

Writing K for the constant term,we have at f = 0, t = 0, and K = log, E. 

Rf 

. •. log, (E — iR) — log, E = — “u 

/ m\ Ri 

••• ^ - e) = -T 


Ri 

1 - g 


Rt 

L 


R 


1 — 


^ is the steady value I which the current eventually takes according to Ohm’s Law. Hence the relation 
between the instantaneous value i of the current at-^ any time f and it final value I is given by 


i = 11 - e 


Ri 


In theory e ^ does not become zero, i.e,, the current does not reach its final value I until i is infinite but. 


Rt 


practically speaking, e ^ becomes small enough to be negligible in a very short time. 


Example 17. 

Find the percentage of the final value of current reached in 0*01 second, when a circuit for which L = 1 
henry and R == ( 00 ohms is made. 

It is only necessary to find the value of the term 

In this case the value is (1 — «= 1 — 0 *00248 « 0 * 99752 . 
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So that, in this short space of time, the current rises to 99 *75 per cent, of its maximum value. 

L 

In a time / = the current rises to (1 — » 1 — 0 *368 « 0 *632, or 63 *2 per cent., of its final value. 

This time ^ a ^ is known as the Time Constant of the circuit, and is a measure of the rapidity of growth 
K 

of current in different circuits. 


*^159. Decay of Current In a Circuit containing Inductance and Resistance.—When steady conditions 

jg 

have been reached in the circuit of Fig. 45, i.e., a current I » ^ is flowing, let the switch S be made to X. This 

removes the battery from the circuit, and if there were no inductance the current would fall instantaneously to 
zero. In the inductive circuit the magnetic energy in the field has to be converted to heat energy and so a current 
continues to flow while this is occurring. Let t be this current in amps, i seconds after the switch is put over, 

it 

i.e., < *« 0, t = I. The induced E.M.F. at this time is — ^ ^^cross the resistance is tR. By 

Kirchhofi’s Law these must be equal, i.e. 


Integrating both sides, log, t 



Rf 

—+ constant 



_ w 

t =C« L- 


At < = 0.1 =. I, . •. I = C, 

_ R« 

and finally t = I« ^ * 

The graph of i against t is shown in Fig. 44. It is the growth curve inverted. Theoretically, the current 
should taie an infinite time to decay, but in practice it dies away in a very short time. Thus, in Fig. 44, which 

might correspond to a circuit of inductance 2,000 pH and 'resistance 1 ohm = 0 *002j, the current has 

fallen to about 1 per cent, of its original value in 0 ’009 second. 

After a time equal to the time constant, g- of the circuit, the percentage of the initial current still flowing is 

X 100 per cent. = 36'8 per cent. 

160. The time constant g is a measure of the rate at which current either grows or decays 
in an inductive circuit. From its form the following general deductions may be made :— 

(1) In a circuit of given resistance the rate of growth or decay is directly proportional to 

the inductance of the circuit. This is to be expected on general grounds. 

(2) The current may be made to grow or decay more quickly in a circuit of given inductance 

by increasing the resistance of the circuit. This is of practic^ importance in 
the design of brushes for electrical machines (paragraph 220). 


161. The Sign of M.—It has already been seen that the total self-inductance of a simple 
circuit, such as a coil, depends very largely on the mutual inductance between its component parts, 
e.g., the individual turns of the coil. When all the turns are wound in the same way, the mutual 
inductance is such that it increases the total self-inductance. The non-inductively wound coil 
gives an example of the opposite effect. 

In some problems on valve oscillator circuits and networks, we are interested in the direction 
(or rather phase) of the induced electromotive forces and currents, and it becomes necessary to 
adopt some convention as to positive and negative directions of currents in coils, and positive an d 
negative directions of induced electromotive forces. 

To make the problem concrete, assume that there are two right-hand spirals wound on a 
common former, as shown in Fig. 46 (a), and that a current «j is flowing into spiral AB, m at A and 
out at B. We shall define this as a positive current. Magnetic flux will be product by this 
spiral and, since the end B will act like the north pole of a magnet, the flux will thread the 
in the direction shown by the arrow. We shall define this as posldve flux. It will thus be s een 
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that the positive current direction and the positive flux direction are related by a right-hand cork¬ 
screw rule. 

Some of the flux from coil AB will pass through the coil CD in the positive direction from C to D. 
If now by some external means we increase the current we shall also increase the flux through 

di\ 

CD. This will give rise to an induced electromotive force of magnitude M the coil CD. The 

E.M.F. in the turns of the coil (the “ space ” E.M.F.) will be directed as shown by the dotted arrows, 
and since we have defined positive rotation relative to the flux as right-hand rotation, we say that 

di^ 

the induced E.M.F. is —^. Since the E.M.F. in the turns is acting from D to C, it would tend 

to drive a current through an external circuit joining C and D from C to D ; if we put a voltmeter 
between C and D we would find that C was positive relative to D. 

Now consider the position which results if we join B and C, as in Fig. 46 (6), and have a common 
current i flowing in at A and out at D. It will be clear that the flux,from both coils is in the same 
direction, i.e., the positive direction. If we increase the current i, just as before, the increase of 
flux through CD due to current in AB, induces an E.M.F. in CD., as shown by the dotted arrows. 
At the same time the increase in current i through CD increases the flux through AB and induces an 
E.M.F. in AB, as shown by the dotted arrows. On the convention stated above, the effect of the 

di 

mutual inductance is to introduce an E.M.F. —2M ^ into the whole coil, an E.M.F. acting in the 

direction D to C. Now we know already that the effect of self-inductance is to induce E.M.Fs. 
d% dx 

— and — ^ E.M.Fs. acting in the coils in the directions D to C and B to A. Thus the 

total effect of the inductive action is to introduce into the circuit an E.M.F. 

f ^ di ^ di . 

acting in the direction D to A. If now we consider the coil as a whole, if L is its total inductance, 

dt\ 

the effect of this inductance would be to introduce an E.M.F. — L ^into the circuit, i.e., an E.M.F. 
L ^ acting in the direction D to A. Thus we obtain the result 

^di~ ^^dt ^‘dt ^^di 


" “ ^^dt * d( 

L = Lj “f- L 2 “1" 2M. 









Fig. 46. 


As we know from experiment 
that L is greater than L, -j- L,, 
we see that on this convention M 
is to be regarded as a positive 
quantity in this case. 

Next consider the case where 
B is joined to D, and a current is 
flowing round the circuit in the 
direction A, B, D, C, as shown in 
Fig. 46 (c). , 

In this case the end B of coil 
AB would act like the north pole 
of a magnet and the end C of 
coil CD would also act like a north 
pole, and hence the fluxes from the 
two coils are in opposition, as 
shown by the arrows at the side. 
Part of the flux from AB passes 
through CD and vice versa. Now 
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consider what happens in coil AB when we increase current *. First, due to the increase in its own 

di 

flux we get an E.M.F. of magnitude Lj acting in the direction B to A, or, on the convention, 

— Lj ^ in the circuit. Secondly, due to the increase in the current in coil CD, we get an E.M.F. 

induced in coil AB, due to the increase in flux from CD. But this flux is in the opposite direction 

di 

to that from AB itself and therefore induces an E.M.F. of magnitude M but acting in the direction 


di 


di 


A to B, as shown by the dotted arrows. Thus the total E.M.F. induced in AB is — L, ^ + M — 
in the direction A to B. Similar reasoning for coil CD shows that the total E.M.F. induced is 
— L, ^ + M acting in the direction D to C. Thus for the whole circuit from A to C, the total 
E.M.F. induced is 

dt . di _ di 




But considering the circuit as a whole it also equals — L 

. ■. L = Lj + Lj 

and M is again a positive quantity. 


dt 
2M, 


In the two cases so far considered, we have specified the direction of positive current, positive 
E.M.F. and positive flux, and since the same current is flowing round the whole circuit, it is easy 
to decide the directions and phases of the induced E.M.Fs., currents, etc. In complicated net¬ 
works, however, such as valve oscillators, it is often not possible to decide these points too readily 
at the beginning of the analysis, and we are led to assume (say) positive directions conventionally, 
and to find the phases and true directions as a result of the analysis. 

Now if we return to the E.M.F. induced in coil AB in Fig. 46 (c), we see that it was 

dt df 


Now this can be written as — Lj ^ — M) or M' where M' == (— M); 

and therefore for the case of Fig. 46 (c) we can write 

L = Lj -I- Li -I- 2M'. 

But this equation is now identical in form to that obtained for Fig. 46 (b). We are thus led 
to the idea that the mutual inductance itself may be regarded as positive or negative. 
Mathematicians, therefore, when working with complicated networks, generally assume that the 

di 

induced E.M.F. due to mutual inductance is always given by — M ^ but with the proviso that M 
may be either positive or negative. 

Now let us see whether, if we make this assumption, it is possible to decide when we shall 
call M positive and when negative. Consider the circuits shown in Fig. 46 (d) and (e). Their 
similarity to Figs. 46 (6) and Fig. 46 (c) respectively is obvious. Now in (d) we see that when the 
current in AB towards the common point BC is increasing, the induced E.M.F. in CD acts towards 
the common point BC. In (e), when the current in AB towards the common point BD is increasing, 
the induced E.M.F. in CD acts away from the common point BD. We can thus formulate a con¬ 
ventional rule to define positive and negative mutual Inductance for circuits which have a 
common point;— ' 

If when the current in the primary circuit flowing towards the common 
point is increasing, the induced E.M.F. in the secondary acts towards the common 
point (i.e., the common point tends to become positive relative to the free point of the 
second^), the mutual inductance is regarded as positive. 
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If when the current in the primary circuit flowing towards the common 
point is increasing, the induced E.M.F. in the secondary acts away from the 
common point (i.e., the common point tends to become negative relative to the free 
point of the secondary), the mutual inductance is regarded as negative. 


162. Calculation of Mutual Inductance. — It will be realised that the calculation of 
the mutual inductance of two circuits is an even more complicated problem than the calculation 
of self-inductance, except in very simple cases. 

One case which lends itself to calculation is that of two coils wound on the same former. If 
we make the assumption that when a current flows in either coil, all the flux lines associated with the 
current link with both coils, a simple result may be obtained. The limitations of this assumption 
in practice have already been mentioned (paragraph 152). An air core will also be assumed. 

47tAN * 

Let one coil have turns. Its self-inductance is given by X 10~® henry, 

where A is the area of the former. 


If the corresponding quantities for the other coil are and Lj, 


471^2 


X 10~® henry. 


If a current of I amps, is established in coil Lj, the flux is 

47rANiI 


<D = HA 


lOf 


This links with Nj turns of the coil L^. 

4TtAN N I 

Therefore mutual flux-linkage (N 

But MI = N<I> X 10-8, 

where M is the mutual inductance of the two coils, 

47tANiNj 


M = 




X 10"* henry. 


163. Coupling and Coupling Factor. —^When two circuits are arranged so that some of the 
flux lines due to one circuit link with the other they are said to be coupled to each other. There 
are several ways of coupling circuits (Chapter V), and this particular method is called “ mutual 
magnetic,” “ mutual inductive,” or simply “ mutual ” coupling. According to the proportion 
of the total flux produced by the first circuit which links with the second, the coupling is said to be 
“ tight ” (or “ close ”), or “ loose.” Thus, on the assumptions made in the last paragraph, the 
coupling between the two coils and Lj is as tight as it possibly can be, for all the flux produced by 
one coil links with the other. This case is made the basis of a criterion of the tightness of coupling 
between any two circuits. It was found that 

M =-^ henry. 

^ 16:rWN,8N,« ^ _ (4;rAN,8 x lO'®) ^ (47rAN,® x 10^) 

I I 

= Lj Lj, 

and M = VL^ L,. 

This is the maxim um possible mutual inductance between tl^ circuits, and so M can never 
be greater than VL^Lj. In any practical case, M is less than Vl^,, for it is impossible to arrange 
that all the flux produced by one circuit Hnks with another ; there is always some “ leakage ” of 
flux, i.e., some lines complete themselves without passing through every turn. 
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The ratio - is taken as a criterion of the closeness of the coupling between two circuits. 

VLiU 

It is called the “ coupling factor,” and is denoted by K. 

Thus K = - 7 = . or M = K VL^. 

VLiL, 

It is obvious that K is a pure number and has no units. Its maximum value is unity, which 
corresponds to the ideal case discussed above (M = VL^L^. Its value in any given case is a 
measme of how many lines of flux from one circuit are linking with the other compcired with the 
case when all the flux-linkages are mutual. 

Another term used is “ percentage coupling,” which is lOOK. The ideal case above has 
100 per cent, coupling between the coils. 

Fig. 46 (/), (g), (A) and (k) is a diagrammatic representation of two coils in which the mutual 
coupling becomes progressively tighter from left to right; the two coils wound on the iron core have 
tightest coupling because the core minimises flux-leakage. 

Mutual coupling is further discussed in Chapter V. 

CAPACITY. 

164. An accoimt of the simpler electrostatic effects was given in Chapter II. It was there seen 
that the behaviour of charged bodies could be rendered intelligible by the idea of lines of electric 
flux, which tended to longitudinal contraction and lateral expansion ; the meaning of field strength 
and P.D. was explained, and the electric field was seen to be a storehouse of potential energy. 

The existence of an electric field depends, of course, on the presence of electric charges. Remove 
the charges and the field disappears. The nature of the field and the direction of the lines of electric 
flux depend on the value of the charges and their distribution. For instance, the field due to an 
isolated point charge is different from that between two parallel plates with equal and opposite 
charges. 

When a charge moves in an electric field its motion involves the transformation of energy. 
Work must be done on the charge if it is moved against the field forces ; work is done by the field 
forces if the charge moves tinder their influence. This led to the ideas of the P.D. between two 
points in the field, and the absolute potential at a point in the field. The charged body producing 
the field is, of course, in the field and so has a potential, viz., the work necessary to bring a unit 
positive charge up to it from earth (or from a point where there is no electric field due to the charge). 

It is found that in all cases the potential of a charged body is proportional to its charge. Thus, 
in the case of two parallel plates, if the negatively-charged plate is earthed, the potential of the 
. . 47t<iQ 

positive plate is (paragraph 103), and so is directly proportional to Q, the charge on the 
plate. 

In general, for any charged body we may write Q oc V, or Q = CV, where C is the constant of 
proportion. 

This relation is of great importance and the constant C is given a special name. It is called 
the capacity of the charged body. 

Hence capacity = 

^ potential 

165. Condensers. —^Every body has a certain capacity, but, unless ^>eciai arrangements 
are made, it will not be of large amount. In other words, an electric ^arge given to the 
body will raise it to a high potential, sufficient perhaps to break down the insulation of the material 
surrounding it. The chuge which a body can hold for a given potential may be increased by con¬ 
centrating the region over which its field extends. Devices in which this takes place are called 
condensers. The electric field is confined to a small space and so can be made much more intense 
without raising the body to too high a potential. The condenser may also be regarded as a device 
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for concentrating electrostatic field eneigy. Increase of field strength means that there is a greater 
density of electric flux, i.e., the flux lines are packed more closely together. They resist this packing 
because of their tendency to lateral expansion, which forces them apart. The extra work necessary 
to accomplish the packing appears as an increase of energy in the field. 


166. Parallel-Plate Condenser. —One of the commonest forms of condenser consists of 
two parallel metal plates with some dielectric between them. The lines of flux from one of these 
plates would normally end on any convenient points, e.g., the walls of the room. If the other plate 
is earthed and brought near the first one, the lines of flux can shorten themselves considerably, and 
most of them will now end on the earthed plate, thus concentrating the field. 

The operation of charging such a condenser may be considered from the electron standpoint. 
Fig. 47 shows a simple charging arrangement. The two plates A and B are connected to a battery 
and galvanometer (G) through the switch S. 
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(«) When the plates are well separated, as soon as 
the switch S is closed the battery will cause a momen¬ 
tary rush of electrons round the circuit from plate A, 
which is connected to the positive terminal of the 
battery, through the battery towards plate B, where 
they will crowd together; the galvanometer pointer 
will be deflected. The current flowing will stop as 
soon as the potential difference between the plates is 
equal to the terminal P.D. of the battery. The two 
plates will now be oppositely charged. Plate B will 
have a surplus of electrons which will repel others trying to arrive. Some of the atoms of plate 
A have lost electrons, and are therefore positive charges which, by their attraction, prevent any 
more electrons from moving away. Equilibrium is thus established. 
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Fig. 47. 


These two oppositely-charged plates produce an electric field in the dielectric separating them, 
and a displacement of electrons, or displacement current, will occur within the atoms in the dielectric, 
in the direction from the negatively-charged plate B to the positively-charged plate A. 

(6) Let the two plates be suddenly brought closer together. 

The negative charge on plate B overcomes to some extent the effect of the positive charge on 
plate A and vice versa, so that the potential difference between the two plates is momentarily 
lowered, the forces holding the electrons in. check are decreased, and another momentary electron 
movement takes place until equilibrium is again established, and the P.D. between the plates is 
again equal to the terminal P.D. of the battery. 

Thus, the closer the plates are together the greater is the charge which may be concentrated 
on one or other for the same P.D. between them. 


(c) Suppose we break the switch S. Each plate is now left charged with a certain quantity 
of electricity, A positively and B negatively. The sum of these charges is algebraically zero. When 
the term " charge on a condenser ” is used, it refers to the charge on one of the plates. 

(d) If the battery is now short-circuited and the switch S again closed, the electrons will 
rush back from the negative plate to the positive plate until they are equally distributed round the 
circuit, and there will be a deflection of the galvanometer pointer in the reverse direction. 

The electrons in the dielectric, which were strained towards the positive plate, will return to 
their normal orbits. 


There will thus be a momentary conduction current (paragraph 40) round the circuit, and a 
displacement current (paragraph 42) through the dielectric. 

Clearly, the greater the voltage applied to the condenser the greater will be the electric flux 
density in the didectric. 

The greater the flux-density the greater will be the amount of dectrical energy stored in the 
condenser. 
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167. A condenser is illustrated diagrammatically as in Fig. 48. A useful mechanical analogy 
to a condenser is furnished by a steel spring. When the spring is compressed 
or extended, potential energy is stored up in it and is liberated when the 
spring is allowed to return to its normal size. Similarly, in the case of a 
charged condenser, lines of electric flux fill the space between the plates. 
These lines are in a state of tension and try to make themselves as short 
as possible. When the plates are joined by a wire, the ends of these lines 
fig. 48 . ca” come together in the wire. While they are thus shortening, the 

potential energy they represent is given up and sustains a current in the 
wire (c/. “ R.’* 13). 


CotuUnsiTof 
tht order (rf 
tettHmeiret. 


Rtlntively larger 
condenser often 
of the order of 
microfarads. 


168. Units of Capacity.—^The formula for capacity 



will give different units for capacity according to the units in which charge and potential (or P.D.) 
are measured. 

In the electrostatic system a charged body has unit capacity if its potential is one E.S.U. of 
potential when it is given a charge of one E.S.U. This unit is called the centimetre. 

In the practical system, charge is measured in coulombs and potential in volts. The practical 
unit of capacity derived on this system is called the Farad (symbol F). 

Definition.—charged body has a capacity of one farad if it is raised to a potential 
of one volt when it is given a charge of one coulomb. 

A condenser thus has a capacity of one farad if the P.D. between its plates is one volt when the 
charge on either plate is one coulomb. 

A farad is, for convenience, subdivided into the following smaller units :— 

1 farad = 10* (a thousand) “ millifarads ” (wF) = 10* (a million) “ microfarads ” ((xF). 

= 10* “ milllmicrofarads ” (wtixF) = 10^* “ micromicrofarads ” ((xfxF). 

= 9 X 10* (nine hundred million) jars == 9 X 10“ absolute units or cms. 


1 


For 1 cm. = 


1 E.S.U. of charge. 
1 E.S.U. of P.D. 

farad. 


3 X 10* 


coulomb 


300 volts 


{see paras. 95 and 102) 


It will be seen that 1 jar = 1,000 cms. 

Also 1 pF = 900 jars, and 1 jar = 


'9 X 10* 


The jar is now obsolete as the Service unit, having been replaced by the Farad and 
its sub-multiples. 

A micromicrofarad is sometimes referred to as a picofarad (/>F). 


Example 18. 

Find the quantity of electricity in a condenser of •5pF capacity when charged to a P.D. of 
10,000 volts. 


Q = CV, where Q is in coulombs, C in farads, V in volts. 


Q = 


•5 X 10,000 
10 * 


coulomb = -005 coulomb. 


The same quantity introduced into a condenser of IpF capacity twice as much) would create 
a P.D. of only half the amount, viz., 5,000 volts. 

169. Specific Inductive Capacity.—It was seen in paragraph 97 that the field strength due 
to a charge depended on the material surrounding the charge, and this was expressed in the formulae 
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derived there by the appearance of the factor K, called the specific inductive capacity (S.I.C.) of 
the material. 

In a material whose S.I.C. is K, the field strength at any point is ^ times the field strength that 

would be produced in vacuo by the same arrangement of charges. 

The potential difference between any two points in the field is thus reduced in the same ratio, 

i.e., it is g times what it would be in vacuo for the same charges. 


It follows that the capacity of the arrangement of charges, which is equal to charge divided by 
P.D., is K times as great in a material whose S.I.C. is K as it would be in vacuo. 

The S.I.C. of an insulator may thus be defined as the ratio of the capacity of a con¬ 
denser with the insulator as dielectric, to the capacity of the same condenser with a 
vacuum as dielectric. In fact, the S.I.C. of an insulator is found in practice by measurements 
of capacity. 

For the same P.D. between the condenser plates in the two cases the charges on the plates 
would be K times as great with the insulator as dielectric as with a vacuum as dielectric. 

K is equal to unity for a vacuum. In all other matei'ials, except an ionised medium (“P.” 9), 
it is greater than unity. It docs not appear to vary appreciably with temperature at ordinary 
temperatures. For dry air at 0° C. and 760 mm. pressure it is 1 '00059. It is greater in moist 
air, but, generally speaking, it may be taken as unity in air to a good approximation. 

Approximate S.I.C. values for some dielectrics at ordinary temperattires are as follows:— 


Solids 

Ebonite = 2 — 3-2 (fairly constant). 

Vulcanite fibre = 2’5. 

Glass = 4—10. (Very variable. Pebble 
glass 5 (about) ; plate glass 7 — 8). 

Shellac = 2-75 —3-73. 

. Dry paper =1*5. 

Mica = 5. 

Ice = 71 (at —7-5° C.). 

Indiarubber = 2-12 — 2-34. 

Porcelain 4-4 — 6-8. 


Liquids :— 

Distilled water K = 80, but its efficiency is 
very low. 

Paraffin = 2 — 2-3 (variable). 

Finest vaseline oil = 2 (constant). 

Service insulating oil = 2 • 217. 

Petrolemn and turpentine = 2*2. 


170. Capacity of a Parallel Plate Condenser. —The calculation of the P.D. between two 
parallel plates has already been given (paragraph 103), but is recapitulated here for convenience. 

In a condenser consisting of two parallel plates the charge on either plate may be considered 
as being uniformly distributed over the area of the plates. The lines of force are therefore parallel 
and the flux density will be uniform. 

Let V be the P.D. between the plates, Q the charge on either plate, d cms. the distance between 
the plates, and A sq. cms. the area of the plates. Q and V are supposed to be measured in electro¬ 
static units. 


The flux density D is ^ lines per sq. cm 


The relationship between flux density D and field 


strength X is given by the formula of paragraph 100, i.e., 
is K, 4„D 


X = - 


K 


in the case of a dielectric whose S.I.C. 


The P.D. in electrostatic units between the plates is given by the field strength multiplied by 
the distance between them (paragraph 103). 

47tD _ AnQd 


So that V (in E.S.U.) = d x 


K 


AK 
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But if C is the capacity in E.S. Units or centimetres, 

Q .. AK 




47wi 


centimetres. 


AK 


AK 


Hence, in practical units, C = g farads = ^ 7 ^ (ijxF. 


In practice, condensers of large capacity are built up by separating a series of thin flat con¬ 
ducting plates by thin layers of insulating material. Alternate plates are joined together to form 
one conductor; the remainder, similarly connected together, form the second plate. Such a con¬ 
denser is equivalent to two large parallel sheets of conductor separated by a large thin sheet of 
insulating material. 

If the number of sheets of dielectric under strain in such a condenser is N, the formula then 
becomes 

AKN 

C = where A and d are in sq. cms. and cms. respectively. 


Example 19. 

"Find the capacity of a condenser of 16 tinfoil plates, 15 cms. by 10 cms., separated by ebonite 
of S.I.C. = 2*5 and thickness 0-22 mm. 

N = 16 — 1 = 15 dielectrics under strain. 

A = 150 sq. cms. 
d = 0*022 cm. 

^ 150 X 2*5 X 15 150 X 37*5 ^ ^ 

^ ~ 3*6 X 3*14 X 0*022 ~ *25 x 10« 


171. Energy Stored in a Condenser.—Just as when a magnetic field is created round an 
inductance a certain amount of energy is stored up, so when a condenser, capacity is charged up to 
a voltage V, energy is stored in the creation of the electric field between the plates. vJlien the 
condenser discharges, this energy is returned to the circuit. If the condenser is perfectly efficient, 
there is no expenditure of energy, i.e., all the charge put into the condenser is returned by it. 

The energy stored in a magnetic field is comparable to kinetic energy, being associated with 
current flow, or motion of electrons; in a condenser it is comparable to potential energy, being 
dependent on the P.D. set up across the plates. 

At any time during the charging of the condenser let the P.D. be v. A small charge dq intro¬ 
duced into the condenser at this voltage will mean an amount of work done = vdq. The total 
work done in charging the condenser to its maximum voltage V is found by adding up these small 
amounts of work done. 


Now 

q = Cv. dq = Cdv, and so vdq = Cvdv. 

The total work done, which is the energy stored in the condenser = [ Cvdv = J CV*. If C is 

• O 

in farads, and V in volts, the energy is JCV* joules. 

The same result can be obtained in a less general manner as follows :— 

The total quantity of electricity in coulombs introduced into a condenser of C farads charged 
to a maximum potential of V volts is given by Q = CV coulombs. 

The charging current, if the condenser is charged by a steady current in t seconds, has a value 
,CV 

of — amperes. 


The average voltage during this time is volts. 


is done is 


CV* 

2t 


watts. 


Therefore the average rate at which work 
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The total work done in time t ~ watts x t seconds = JCV* joules. 

This is also the amount of energy stored in the condenser when charged. 

172. Power Taken in Charging a Condenser.—If a condenser is charged N times a second, 
a power of JCV* x N joules per second will be required. But joules per second = watts. 

Hence the power required to charge a condenser N times per second = JCV*N watts. 


173. The capacity of a condenser is a fixed quantity. 

A condenser may be compared with an iron gas cylinder. To increase the quantity of gas 
pumped into it an increased pressure must be apphed. At first the gas passes easily, but the more 
gas is pumped in the harder it is to force in more. At any moment the internal pressure equals the 
applied pressure. 



Fig. 49. 


■^174. Charge and Discharge of a Condenser through a Resistance.—When a 
condenser is joined up to a source of steady E.M.F. and the circuit contains resistance 
the condenser does not instantaneously acquire a P.D. equal to that of the source ; in 
other words, it does not acquire its full charge immediately. The investigation of the gradual 
building-up of the charge to its maximum amount is very similar to the case of para. 
158, where we considered the way in which current in an inductive circuit reaches its 
maximum value. 


In the charging case, suppose the switch just made and a steady voltage V applied to the circuit. The 
V 

charging current is given by ^ at the beginning of the action, because the condenser has no charge and hence 

exerts no back E.M.F. As the condenser charges up, however, its voltage acts in opposition to the impressed 
E.M.F., so that at any instant it is the difference between these voltages that is effective in sending the current 
through the resistance, 

i,e,» V — Vfl =3 tR, where V* = condenser voltage. 

Let q be the instantaneous charge on the condenser. 

Then V, and * = Hence V = ^ + R^. 


This may be written as 


dq 


q --CY 


dt 

CR* 


Integrating both sides, 

log, (? — CV) = 

where K is a constant depending on the initial conditions. 
These are, in this case, that at < = 0, ^ = 0, 


CR+«' 


log. 


-CV 
- CV 


CV - g = CVe 


“ CR 

*CR 


CV 


CV 


== e 


K - log. 
“CR 


CV). 


XV 1 


*CR 


CV is the final value of the charge, and so, theoretically, this is only reached after an infinite time. In any 
practical case this value is nearly reached in a very short time. 

As in paragraph 158, we can define a time constant for this circuit. • 

In a timft t ss CR, the charge reaches (1 — or 63*2 per cent, of its final value. This time, t = CR, is 

the time constant of the circuit. 


Since i 


dq 
'' dt* 


V —=- 

’ no 


R‘ 


CB. 


So i the value = at f ss 0, as stated before, and in a time given by the time eonstant CR it falls to , 
R 

or 36*8 per cent., of its wiA-rimum value. The charging current decreases to zero as t increases. 

Graphs indicating the growth of the charge in the condenser and the decay of the charging current arc 
exactly similar to the growth and decay curves of Fig. 44 
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Case of Discharge. —If the two plates of a charged condenser are connected by a conductor of resistance 
R, a current starts to flow, and continues until the P.D. across the condenser is zero. The stored-up energy is 
expended in I^R losses in the resistance. 

The equation representing the action can be easily seen, from previous work, to be 




= 0 . 


(This is simply the general equation with V =0.) 

The solution, assuming the initial conditions that at < = 0, g = CV, V being the voltage to which the con¬ 
denser was charged, is given by 

1 - 

q^CYe ^ 

This shows that, as might be expected, the charge on the condenser decreases continuously, and in a time 
« CR, the time constant of the circuit, diminishes to or 36 *8 per cent, of its original value. 

d V -~ 

The discharging current is given ^ ^ R ^ 


The general shape of the curves of charge and current flowing are therefore both similar to the decay curve 
of Fig. 44. The negative sign in the expression for i simply means that the current is in the opposite direction 
to that during charging. 

From the solution q — CVe the time may be found in which the voltage of the condenser diminishes 
from V to. say . 


At the latter voltage 


^ = CVj = ^ 




or t 


V 

CR logey". 


Thus the time required for the voltage to drop from V to is proportional to CR. 

This result is useful in valve theory later on, when considering the leak away of the accumulated charge in 
a condenser through a grid leak. (See “ CR values.) 


175. Dielectric Strength.—If the electric strain in a condenser rises beyond a certain point 
the dielectric is punctured. 

In the case of liquids or gases the wound so created heals itself (though, in oil, contamination 
will occur), but in solids the insulation is punctured, i,e., a hole is formed which only offers the 
insulation of air, instead of the insulation of the solid dielectric. 

The voltage corresponding to that at which the rupture of a plate 1 mm. thick takes place is 
called the dielectric strength of the insulator. 

A thin sheet of dielectric is proportionally stronger than a thicker one of the same material. 
That is, a sheet of in. thickness is not twice as strong as one of ^ in., but something considerably 
less. 

The reason for this appears to be that, as the thickness of the dielectric increases, it becomes 
more difficult to keep the field strength uniform between the plates. Thus, in parts of the field, 
the field strength becomes considerably greater than that calculated on a basis of uniform field 
strength, and the insulation breaks down. 

For this reason, large condensers are usually built up of several different parts—or sections— 
connected in series ; this saves space. 

The strength of dielectrics is compared with that of air. 

A spark of 1 mm. in air at atmospheric pressure between flat metallic surfaces requires 4,300 
volts. A spark of 2 mm. would only require 7,400 volts. Two plates 1 cm. apart in air require 
30,000 volts applied to spark across. With spark balls the voltage is less the less the diameter of 
the balls. Between sharp points the voltage required is much less. 
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The dielectric strengths of various dielectrics are given in the following table :— 




Corresponding sparking 

Dielectric. 

Dielectric 

Strength. 

distance between 
plates in air at 

Crystal glass 


atmospheric pressure. 

28,500 volts 

.. 9 mm. 

Indiarubber 

.. 40,000 „ 

13 „ 

Ebonite 

.. 50,000 „ 

16 „ 

Mica ,. 

.. 60,000 „ 

20 „ 

0* I mm. of mica 

.. 10,000 „ 

3 „ 

Oil (vaseline) 

.. 6,000-8,000 volts 

2-4 mm. 


It is usual in building condensers to allow a factor of safety of from three to six times the 
dielectric strength, since the above only gives voltages at whicli the dielectric is bound to puncture ; 
it may puncture at a much less voltage if any brush discharge burns the plate or sparking takes 
place between the contacts. 

Dielectrics puncture at lower voltages if subjected to alternating E.M.Fs. as compared with 
steady E.M.Fs., and the higher the frequency of alternation the lower is the puncturing voltage. 

176. Dielectric Efficiency.—Dielectric efficiency is the ratio of the energy output to the 
energy input, thereby taking account of any waste of energy that occurs during the charge and 
discharge of a condenser. 

If a dielectric is perfect there should be no waste of energy in it. In most condensers, however, 
this does not hold good. The term “ Hysteresis ” is used to cover all the losses, and these may 
be summed up as ;— 

(а) Conductor losses, or true resistance losses due to the resistances of the plates and leads. 

These are easily kept low in parallel plate condensers. They are equivalent to a resistance in 

series with the condenser. 

(б) Chemical action.—This may take place if damp is present. Hence, condenser cases must 
be properly sealed. 

(c) Leakage losses.—These may be due to faulty insulation or to corona discharge from 
points and edges of the condenser plates. 

Faulty insulation, which might enable a considerable current to flow through the dielectric, 
is equivalent to a resistance in parallel with the condenser. 

Leakage over the plate edges may be prevented by immersing the condenser in oil and keeping 
the plate edges well away from the sides of the condenser tank. 

Moisture should not be allowed to collect on the surface of a solid dielectric. 

(d) Most important is dielectric absorption. 

When a condenser is charged, the initial rush of current is followed by a relatively small more 
gradual current, which appears to “ soak in ’’ to the dielectric. The charge on the condenser is 
therefore dependent on the time during which it is connected to the source of E.M.F., quite apart 
from considerations mentioned in the last paragraph concerned with the resistance of the charging 
circuit. Similarly, when such a condenser is short-circuited, the initial heavy discharge, which 
should leave it practically uncharged, is an incomplete one. If the short-circuit is removed and the 
condenser set aside and again short-circuited a few minutes later, a second discharge can be obtained. 
This is due to the charge which “ soaks into ” the dielectric during charging. If the condenser is 
charged and discharged periodically, this absorption causes heat to be generated in the dielectric 
and can be looked upon as a resistance in series with the condenser. It can be shown that, the 
higher the frequency, the less is the loss due to tliis cause, due to the fact that there is less time 
available for absorption to take place. 

This last cause of loss of efficiency, dielectric absorption, is also responsible for variations in 
the'value of K (the S.I.C.). At high frequencies, when the condenser is charged and discharged 
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many times per second, the inability of the condenser to absorb its full charge each time can be 
expressed by saying that K is reduced; the apparent capacity being considerably less at high 
frequencies. The value of K is as much as 10 per cent, more for direct current than for “ low 
frequency ” alternating current, and may with certain dielectrics be twice as much for direct current 
as for alternating current of high radio frequency. 

The loss due to dielectric absorption only occurs in solid or liquid dielectrics. In air or gases 
it is negligible. 

Reckoning the efficiency of an air condenser as 100 per cent., other dielectrics have the foDowing 
efficiencies;— 

Ebonite ; about 70 per cent, (is more efficient for thick than thin plates; very much less 
efficient if ebonite is very thin). 

Glass : 60 per cent, (best plate glass may be more). 

Mica : very variable. Good quality mica is now being made, having an efficiency as 
high as 90 per cent. Ordinary mica of older make may be as low as 40 per cent. 
Good mica is very expensive, and has to be made up in sheets clamped together to get 
efficiency as well as sufficient dielectric strength. 

Oil : nearly 100 per cent., but only if it contains no moisture. If a receptacle containing 
oil is left unsealed, the oil will readily absorb moisture from the atmosphere, and its 
efficiency will be impaired. 

This moisture can be evaporated by heating the oil—say, by placing electric 
radiators on either side of the receptacle. It is also very advisable to strain oU through 
a piece of chamois leather—^placed flufiy side up—^in order to remove any impurities 
from it. 


177. Condensers in Series.—Fig. 50 shows three condensers connected 
in series, and joined up to a batte^. The left-hand plate of No. 1 will be 
positive, being connected to the positive pole of the battery. Let the charge on it 
be + Q imits. This charge, acting through the dielectric, will attract the free 
electrons in the conductors comprising the right plate of No. 1, the connecting 
wire, and the left plate of No. 2, and these will constitute a negative charge 
on the right-hand plate of No. 1 equal to — Q imits, the charges on opposite 
plates being equal and opposite. 

Since the right-hand' plate of No. 1, the connecting wire, and the left-hand 
plate of No. 2, are as a whole uncharged, the left-hand plate of No. 2 is left with 
a positive charge of -1- Q units ; and so on for any number of condensers in series, the right-hand 
plate of the last one, in this case No. 3, having a negative charge of — Q units. Thus the 
distribution of charges is as shown in the figure. 

The voltage drop across the three condensers is the sum of the voltages across the individual 
condensers. 

If the total voltage of the battery is V, and these individual voltages are 'V,, 'V„ 'V,. then 
V = Vi-t-V,+V,. 

Now, for each condenser in turn, their capacities being Ci, Cj, C,, the equations 


.I' 




( 1 ) 


- 411 - 

(2) (3) 


Condensers in series. 
Fig. 50. 


V = ViH-V, + V,= ^ + 


Q = Cl Vi.-Q = C, V„ Q = C, V„ hold. 

1 


. I 


+ cJorQ = V 



If the equivalent capacity of the three is written as C, i.e., the capacity of a single condenser 
such that for the same voltage the-same charge is acquired, then Q = CV. 

So that 


r 1 11,1,1 


— +— + — 
Cj c ^C, 
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Hence, for condensers in series, the reciprocal of the equivalent capacity is the sum of the reciprocals 
of the individual capacities. Also the voltages across the individual condensers are in inverse 
ratio to their capacities. 

It follows from the above result that the equivalent capacity of a number of condensers in 
series is always less than the capacity of the smallest individual condenser. 

For let Cj, say, be the smallest condenser. 

I-l I 1 

C Cj Cj 

^ . 1 

Therefore ^ is greater than ^, and so Ci is greater than C. 


Example 20. 

Two condensers of capacities 2 (xF and 3(i.F are in series and a voltage of 500 volts is applied. 
Find the equivalent capacity, the charge in each condenser, and the division of the voltage between 
them. 


1+1 

Cl ^ Cj 


l-2txF 


U- 

2^3 


(2) Q = CV = 1 •2|xF X 500 volts 

.. ^Q _600 X 10^ onn... 


1 -2 X 500 


coulombs = 600 micro-coulombs. 


— 300 volts. 


Ca 3 X 10-« 


200 volts. 


It may be noted that, with only two condensers in series, C is given by the simple formula 

C = 

Cl -f Ca- 



178. Condensers in Parallel.—Fig. 51 shows three condensers in parallel, all 
the positive plates being joined together, and similarly all the negative plates. 

If a common P.D., V, is applied to them, and the individual capacities are 
Cl, Ca. C,, the charges introduced into each are CjV, CaV, CjV. 

Thus Qi = CiV, etc., and the total charge on the condensers is 

Q1 + Q2 + Q, = V (Cl ! Ca + Ca). 


Condensers in 
parallel. 

Fig. 51. 


Let C be the equivalent capacity defined as before, the capacity of a single 
condenser such that for the same voltage the same total charge is required. 

Then Q = Qi + Q 2 "i Qa = 


. * . C = Cj + Cj + C3. 

Hence, with condensers connected in parallel the equivalent capacity is the sum of the 


individual capacities. 

Condensers may be joined both in series to give adequate dielectric strength, and in parallel to 


give increased capacity. 


Example 21. 

Given a number of condensers, each capable of standing 1,000 volts and each with a capacity 
of IfzF. Find an arrangement suitable for giving a condenser of capacity 2 fiF, across whidi 
2,000 volts may be applied. 

Two condensers in series will stand the voltage of 2,000 volts, but their capacity will be only 

iiiF. 

Four such groups in parallel will give a capacity of 2fjiF. 

^ Therefore 8 condensers are needed. 2 in series and 4 groups in parallel. 
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179. Condensers used in Wireless Telegraphy Circuits.— The condensers used in wireless 
telegraphy fall under three headings :— 

(a) Natural capacity circuits in which the capacity exists between the wires of the 

circuit itself, or between the circuit and earth. 

(b) Artificial capacities, in which a built-up condenser, generally of the parallel plate 

type, is used. 

(c) Combinations of (a) and (b). 

(a) Natural Capacity Circuits. —Every ordinary electric circuit possesses capacity. In an 
electric cable the conductor forms one plate of the condenser, the insulation is the dielectric, and 
the outer lead casing, or the earth, the other plate. 

In general, any two wires which are adjacent to each other have capacity to each other. 

Thus there is always a certain amount of capacity between the turns of a coil of wire. The 
combined effect of the small capacities between turns is spoken of as the “ self>capacity ” of 
the coil. 


VCIITICAU ACRIAC, 


floor AKRIAU. 


• • -V 


.Li-LiJS. 


^ 


cw 


--..X \ \ 
\ \ \ \ 


(a) 


Fig. 52. 


Again, a suspended wire has a capacity to earth, 
the air being dielectric. 

The capacity of the wire is therefore very com¬ 
plex, being the sum of the capacities of each portion 
of it to the earthed points in the neighbourhood as 
indicated in Fig. 52 (a). 

This capacity may be increased by arranging wires 
to form a roof, as in Fig. 52 (b). 

The total capacity is called the natural 
capacity ” of the wire to earth, and is denoted in 
the Service by the letter “ a (sigma). 


(b) Artificial Capacities.—These are used very extensively in wireless telegraphy, in trans¬ 
mitting, receiving, wavemeter circuits, etc. They will be dealt with in due course. 

{c) In every circuit containing an artificial condenser there must also always be a natural 
capacity to earth or between leads. This capacity is in parallel with the artificial capacity and 
must therefore be added to it. 

If the artificial condenser is large the capacity of the leads may be neglected, whereas if the 
condenser is small the latter may be a considerable factor. 

If an artificial condenser is inserted in an earthed wire having a natural capacity to earth, it 
is in series with that capacity and reduces the total capacity value. 

180. Receiving Condensers.—Receiving condensers are designed to have a maximum 
dielectric efiiciency and to occupy a minimum of space. Generally, air dielectric is used because of 
its efficiency. Mica may be used if a large capacity is required. 

Such condensers may have a fixed or a variable value of capacity. 
In a fixed condenser the plates, or sets of plates, are rigidly 
mounted with respect to each other, so that the capacity value does not 
vary. 

In a variable condenser there are two sets of plates, one set being 
fixed, mounted one- above the other at equal fixed intervals, and 
attached to a rigid support. The other set is moimted one above the 
other at equal intervals on a rotating spindle, and arranged to be rotated 
into the spaces between the fixed plates so as to overlap them more or 
Simple Receiving Condenser, less. The greater the overlap the greater the capacity. 

Fig. 53. A common type of such a variable condenser has plates cut in 

the form of semi-circular segments, as indicated in Fig. 53. 

The amoimt of overlap of area is directly proportional to the angle of overlap in this case, 
and can be measured by a pointer travelling over a scale of degrees and attached to the spindle 
of the rotating plates. 
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Fig. 54. 


When the condenser is in its minimum position and the plates not overlapping at all the 
capacity does not fall quite to zero, owing to the fact that a small capacity exists between the 
edges of the two sets of plates. This is known as edge effect. A curve, known as a calibration 
curve, may be drawn for such a condenser, showing the capacity graphed against angle of overlap. 

It is a straight line except for small angles, where, on account of edge effect, 
it flattens out somewhat. 

A typical curve of this type is shown below (Fig. 54). 

If it is desired to increase the capacity of a condenser of this type it may 
be immersed in oil, which has a S.I.C. higher than that of air. 

There are other types of variable condenser besides that described above. 
It is sometimes found convenient to have a condenser whose capacity varies as 
the square of the angle of overlap, and such a condenser is designed by 
constructing the plates in a different shape from a semi-circle (cf. W.4). 

Electrolytic Condensers. —^These originally consisted of a pair of aluminium electrodes, 
placed in an electrolyte consisting of a chemical solution of ammonium borate or sodium phosphate. 
If the combination is connected to a D.C. supply, electrolysis takes place and a thin film of 
aluminium oxide is formed on the positive plate ; in due course the latter becomes insulated from 
the electrolyte, in which state the combination acts as a condenser in which the thin film of 
aluminium oxide acts as the dielectric. The thinner the film the higher will be the capacity, and 
capacities of the order of a 1,000 microfarads are easily obtained, the condensers occupying no 
more space than the paper condensers of 4 or 5 (xF capacity. 

These condensers cannot be used on raw A.C. supplies, since the anode must be held at a 
positive potential; they must only be used in places where there is a D.C. polarising P.D. Their 
chief application is in connection with rectifying apparatus for supplying power to receivers from 
A.C. mains. A Service application is seen in Fig. 31 of Section “ N.'' 

There is also a newer type of ‘‘ dry electrolytic condenser.'’ The principle is the same, except 
that the liquid is replaced by a semi-fluid gelatinous material. 


181. Die-dast Condenser. —A type of variable capacity condenser used in the Navy is 
more economical in space than that illustrated in Fig. 53. It is known as the die-cast condenser. 
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Fig. 55. 


In this t 5 q)e, illustrated in Fig. 55, there are two sets of moving and two sets of fixed plates, 
one set of moving plates being connected to one set of fixed plates. Thus, in the position shown in 
Fig. 55 (c), the capacity is zero, since the rotating plates are in this case entirely contained between 
the fixed plates to which they are made common as regards potential. 

A rotation through 180° gives the position shown diagrammatically in Fig. 55 (6), in winch 
the capacity is obviously a maximum. The capacity can be made variable to any degree required 
up to its maximiun value by a proportionate rotation. 

The great advantage of this form of construction is that, with a condenser of the same superficial 
area and the same depth, a maximum capacity can be obtained of double the value possible with 
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only one set of fixed and one of moving plates. In addition, the depth of the condenser and hence 
its capacity value can be increased by adding on further units. 

182. Transmitting Condensers.—The general considerations that determine the design of 
transipitting condensers as compared with receiving condensers may be summed up as follows :— 
{a) They are much larger in dimensions. 

(6) Variability in value is sometimes secured by joining up separate fixed value condenser 
units in series and parallel, instead of having the condensers themselves continuously 
variable by rotation. 

{a) The increase in the dimensions is accounted for, firstly, by the fact that it is usual to employ 
larger capacities in transmitting circuits, and secondly, because the question of dielectric strength 
prohibits the reduction of the distance between the plates to less than a certain amount. To achieve 
a large capacity value, therefore, the area of the condenser plates must be larger and dielectrics 
of high S.I.C. must be employed. 

(6) An example of such an arrangement is given below. Condensers joined in series can stand 
higher voltages without danger of rupture of the dielectric, and condensers joined in parallel give 
an increase in total capacity. 

Transmitting Condensers for Spark Sets have dielectrics of ebonite, mica or glass, and 
are generally arranged with “ sections in series, to give adequate dielectric strength. If a 

variation of capacity is necessary, the sections are arranged in 
groups or elements,” whose terminals are brought out of the tank, 
so that by suitable switches these groups—termed ‘‘ Elements ”— 
may be arranged in various combinations. 

The plates of ebonite or glass condensers are generally immersed 
in oil, to prevent brushing. 

Fig. 56 illustrates the construction of such a condenser. 

It can be seen that each section comprises, in the case illus¬ 
trated, six active plates and five active dielectrics under strain. 

Between sections are placed ebonite separators, generally of 
thicker material. The whole element is clamped up between metal 
plates which are earthed. 

Next to the active plate at each end is placed a sheet of dielectric, and next it a conducting 
plate in electrical connection with the earthed clamping plate, so as to keep the capacity to earth 
constant. 

The following is an arrangement used in the Navy for securing a certain amount of variability 

of capacity value, as referred to in (b) above. 
The separate elements are two condensers, each 
having a capacity of -01 jxF. Leads are taken 
from these condensers to four terminals, as shown 
in Fig. 57, and from two of these terminals con¬ 
nections are made to the remainder of the circuit. 

Two Condensers in Series, One Condenser only. Two Condensers in PeralM. By different aiTangementS Of tWO mOVablC 

• 005 |x F. • .01 {X F. .02 fx F. , links, which can be inserted between any pair of 

(^) (^) (c) the terminals, different capacity values can be 

Fig. 57. obtained. Thus in Fig. 57 (a), the two condensers 

are in series, and the total capacity is -y = *005 {xF. In Fig. 57 (6), one condenser only is in 

circuit, and the capacity is *01 [xF. In Fig. 57 (c) the two condensers are in parallel and the total 
capacity is *02 |xF. 

Example 22. 

You have the following materials available : ebonite 1 mm. thick (S.I.C, = 2*4) and dielectric 
strength sufiScient to stand 5,000 volts, and tinfoil sheets 30 cm. X 30 cm. 
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You msh to construct a condenser (a) to give a total capacity of -27 [aF with its elements 
arranged in parallel, and (b) to stand 15,000 volts with its elements arranged in series. 

(i) How many plates would you require for (a) ? 

(ii) What would be the capacity of the condenser in {b) ? 

For (6) we shall require three elements in series to stand 15,000 volts. 

Hence, capacity of each element, to give • 27 (xF when the three are joined in parallel will be :— 

•27 


= 09 (xF. 


AKN 


(i) C = 3 JQ6 Hence N (the number of dielectrics required) is given by 


N = 


C X 3-6nd X 10« -09 X 3-6 X 3-14 X -1 x 10« 


= 47 dielectrics. 


AK 30 X 30 X 2-4 

Hence the number of plates required for each element = 47 + 1 = 48. 

Total number of plates = 3 x 48 = 144 plates. 

•09 

(ii) The capacity of three elements of -09 jxF joined in series will be —^ = -03 (xF. 

183. The units of the quantities dealt with in Chapters II and III are summarised in the 
following table, and the conversion factor from one system to another is given in each case :— 

Table 7. 


Quantity. 


Symbol. 


Practical Unit. 


1 E.M.U. 


1 E.S.U. 


In Practical Units. 


1 E.M.U. 
in E.S.U. 


Energy 

Power 

Quantity of electricity . 

Potential difference or 
E.M.F. 

Electric field strength 

Electric flux density 
Electric flux 

Magnetic pole strength 
Magnetic field strength 
Magnetic flux density 
Magnetic flux 
Magnetic reluctance 
Magneto Motive Force 
Electric Current 
Resistance 
Capacity .. 

Inductance 


W 

P 

V or E 

X 

D 

T 

m 

H 

B 

S 

G 

I 

R 

C 

L 


1 joule .. 

1 watt . . 

1 coulomb 

1 volt. 

1 volt per cm. .. 

I E.S.U. 

I E.S.U. 

1 E.M.U. 

1 gauss (E.M.U.) 

1 line per sq. cm. 

(E.M.U.) 

1 line (E.M.U.) or max¬ 
well 

1 oersted (E.M.U.) 

1 gilbert (E.M.U.) 

1 ampere 
1 ohm .. 

1 farad .. 

1 henry 


1 erg joule 

1 erg per sec. 

10 
1 _ 
io^ 

1 _ 

10 » 

3 X 10^0 
3 X 10^® 

1 


1 

1 

1 

1 

1 

10 

1 

10 ® 

10 ® 

10 ® 


T^jiwatt 

1 


3 X 

10* 

3 X 

102 

3 X 

102 

1 


1 


3 X 

10*® 

1 


3 X 

10*® 

3 X 

101® 

3 X 

10*» 

i 


9 X 

102® 

1 


3 X 

10*» 

1 

3 X 

10® 

9 X 

1011 

1 

9 X 

1011 

9 X 

1011 


1 

1 

3 X 101® 
1 


3 

X 

1()1® 


1 


3 

X 

101® 

3 

X 

10*® 

3 

X 

10*“ 


1 


3 

X 

10*® 

3 

X 

10*® 


1 


3 

X 

10*® 


1 


3 

X 

10*® 

9 

X 

10*® 

3 

X 

10*" 

3 

X 

10*® 


1 

9 

X 

102® 

9 

X 

1020 


1 

9 

X 

10“ 


D 3 
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D.C. MEASURING INSTRUMENTS. 

184. In electrical circuits the quantities that commonly require measurement are the currents 
flowing in, and the potential differences across, various parts of a circuit. The instruments used 
for these purposes are called ammeters and voltmeters respectively. If it is also desirable to 
measure power directly, an instrument called a wattmeter, which combines the functions of volt¬ 
meter and ammeter, may be used. Wattmeters are not at present used with. Naval wireless 
equipment. 

The principles on which both ammeters and voltmeters operate are the same, and the differences 
that occur are due only to their different functions. The ammeter, being required to measure 
current, must be inserted in series in a circuit so that the current to be measured will flow through 
it. It follows also that it must be of low resistance compared with the rest of the circuit, or the 
extra resistance will alter appreciably the current flowing. This does not apply if the ammeter is 
permanently in the circuit, but the resistance should still be kept as low as possible to cut down 
the power loss (PR), in the instrument. 

The voltmeter measures P.D. and so must be connected in parallel between the two points in 
a circuit across which the P.D. is to be measured. It must therefore have a high resistance compared 
with that of the circuit. This keeps down its power loss (V*/R) and, if it is not permanently in 
circuit, prevents its insertion from making an appreciable change in P.D. 

An ammeter is thus converted into a voltmeter simply by putting a large resistance in series 
with the actual measuring part of the instrument. 



Example 23. 

Between the two mains AB and CD a lamp of resistance 108 
ohms is joined. 

The resistance of line A to B is 1 ohm, and the resistance C to D 
is 1 ohm. The P.D. between A and D is 110 volts. Then the volt¬ 
meter V win read 110 volts. 


The current flowing will be 

E 110 

' = R “ WT2 = ' 

This will be indicated by the ammeter A (which could equally well have been joined in the 
circuit between C and D). 

As the voltage drop A to B and C to D in each case = I x R = 1 X 1 = 1 volt, the P.D. 
between B and C == 110 — 2 = 108 volts; this will be indicated by the voltmeter Vj. 

The wattmeter W would read 110 X 1 = 110 watts. 


185. According to the size of the currents they are designed to measure, current measuring 
instruments are described as ammeters, milliammeters, microammeters and galvanometers. 

Their range of measurement may be greatly extended by the use of shunts, i.e., by adding a 
resistance in parallel with the instrument (paragraph 67). 

Shunts are usually made of a material which has a very small temperature coefficient of resistance 
e.g., an alloy like manganin. This lessens inaccuracies due to temperature changes, which, by 
altering its resistance, will alter the readings of the instrument. This also applies to the series 
resistance in voltmeters. 

The ammeter itself then carries only a fraction of the total current, depending on its resistance 
compared with that of the shunt. The ammeter is graduated to read the total current flowing in 
the circuit, and so the scale reading will have a different value for every shunt that can be inserted. 

Ammeter and voltmeter terminals are usually marked -f and —, and must be correctly joined 
in a circuit,positive terminal to positive lead. 
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Example 24 . 

An ammeter of resistance 2 ohms can take a maximum current of 0*5 amps. How can it be 
adapted to operate as :— 

(а) An ammeter reading to 5 amps ? 

(б) A voltmeter reading to 100 volts ? 

(a) It must be shunted by a resistance which takes 4*5 amps, when the ammeter is taking 

0*5 amp. The value of the resistance is therefore~ ammeter resistance, i,e,, ^ ohm. 

(b) The P.D. across the ammeter when taking 0-5 amp. is 2 x 0*5 = 1 volt. A resistance 
must therefore be put in series which has a P.D. of 99 volts across it when 0*5 amp. is flowing in it, 

99 

1 .^., R = = 198 ohms. 

U*o 

186. Types of Instrument.—These may be classified as :— 

(a) Hot wire ; (i) moving coil; (c) moving iron ; (d) electrostatic ; (e) rectifier instruments. 

With the exception of {d), which is only used as a voltmeter, these may all be adapted for use 
either as ammeters or voltmeters, 

Hot-Wire Instrument.—This is shown diagrammatically in Fig. 59. A is a taut wire, 
through which flows the current to be measured. The wire is of some material of high melting- 
point and high resistivity, usually platinum-silver. One end of a phosphor-bronze wire F is attached 

to some point in A near the centre, and its other end to an insulated 
block E. A silk fibre is attached to F as shown and passes round 
a pulley P on the spindle carrying the pointer. The fibre is held taut 
by the pull of the light spring R. When a current flows through 
A it is heated and expands, allowing the wire F to sag. As a result, 
the silk fibre in being pulled taut by the spring R rotates the 
pulley P, and the pointer moves over the scale. 

The aluminium disc D, attached to the spindle of the pointer 
and placed between the poles of the permanent magnet M, acts 
as a damping device. Movement of the pointer causes movement 
of the disc, thus producing eddy currents, which oppose the motion 
causing them and prevent oscillations of the pointer before it takes 
up its final position. 

Since the heating effect, and therefore the expansion of A, is 
proportional to the square of the current, the scale is not uniform, 
being crowded at the lower end and open at the upper end. 

The principal defect of a hot wire instrument is wandering of the zero, due to changes in the 
surrounding temperature. These changes produce different expansions in the wire itself and the 
metal block on which it is mounted, and so the wire may sag and a pointer deflection be produced 
even if no current is flowing. 

It is possible to compensate for this to some extent if the base on which the hot wire is mounted 
is arranged to have the same coefficient of expansion as the wire itself. 

Hot-wire instruments are also sluggish in action owing to a time lag between the current 
flowing and the expansion it produces. 

187. Moving Coil Instrument.—If a coil carrying a current is placed in a magnetic field a 
mechanical force will act on the coil (paragraph 129). A t5q5ical instrument making use of this 
principle is shown in Fig. 60. The coil W is wound on a former of copper or aluminium, inside 
which is a fixed iron cylindrical core. The former is mounted on pivots so that it can rotate between 
the poles of a permanent magnet M. This leaves only a narrow air gap G between the poles and the 
former, so that the field of the magnet is radial and uniform for any position of the coil. Current 
is kd into and away from the coil by one or two phosphor bronze springs S. 

p 4 



Fig. 59. 
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Equal forces in opposite directions act on the two halves of the winding, as can be seen by 
applying Fleming’s Left Hand Rule. The coil thus tends to turn about its axis and, as the magnetic 
field is the same for all coil positions, the coil is^ubject to a constant torque or turning moment 
proportional to the current flowing in it. In the zero position there is no twist of the controlling 
springs. When the coil starts to rotate the springs become twisted and set up a torque 


A 



Sectional view at A.A. 

Fig. 60. 

opposing the motion and proportional to the angle through which the coil has turned. The coil 
therefore takes up an equilibrium position in which the resisting torque due to the springs just 
balances the electrical torque due to the current. Since these torques are directly as the angle of 
rotation and the current respectively, it follows that the deflection of a pointer attached to the 
coil is directly proportional to the current and so the scale is uniform. 

When in motion the metal former and the winding will have induced E.M.Fs. set up in them, 
causing currents tending to oppose the motion (Lenz's Law) and so acting as a damping device. 
The coil and pointer also have very small inertia. The motion of the pointer is, in consequence, 
“ dead-beit.” 

As the magnetic field in the air gap is strong, the instrument is very little affected by stray 
magnetic fields. The permanent magnets are specially “ aged ” so that their strength remains 
constant for a long period. In consequence, moving coil instruments are the most accurate and 
satisfactory type for all D.C. measurements. 

Rectifier Instruments.—^The advantages of moving coil instruments may be extended to the 
measurement of alternating quantities by incorporating a rectifier in the instrument. 

Very satisfactory instruments may be made using metal rectifiers (H. 10); the A.C. input is 
rectified by the latter, and the mean value of the D.C. rectified current is measured by the moving 
coil meter. 

In the case of ammeters, the scale is calibrated in R.M.S. values of the input, assuming the 
latter has a sinoidal waveform. Errors are introduced when the waveform departs from a sine 
wave shape. Direct reading ammeters may be made for currents up to about 50 milliamps, and 
higher currents may be measured by emplo 5 dng suitable current transformers. It is similarly easy 
to employ this principle in the design of low reading A.C. voltmeters. 
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These instruments are particularly applicable to low current and voltage measurements, the 
accuracy often being i 2 per cent, on frequencies below 20 kc/s. At higher frequencies the 
shunting effect of self-capacity becomes apparent, and readings are usually low; for a voltmeter 
the error may be of the order of 15 per cent, at 100 kc/s. 

188. Moving-Iron Instruments. —Though not as accurate as the best moving-coil instru¬ 
ments, this type is usually simpler and of more robust construction. Two kinds are in common 
use, the attracted iron type and the repulsion type. 

The operation of these instruments depends on the magnetisation of soft iron by a current and 
the consequent mechanical forces of attraction or repulsion. 

Fig. 61 (a) illustrates the attracted iron type. C is a fixed coil carrying the current to be 
measured and M is a disc of soft iron, eccentrically pivoted and carrying a pointer. When current 
flows in the coil, M is magnetised. Not being pivoted at its C.G., it is attracted into the interior of 
the coil, thus causing the pointer to move. The controlling torque may be provided by a spring 
or a weight. 

An air damping device to render the movement “ dead-beat is shown in Fig. 61 (6). The 
block D is hollowed out so that a piston P, mounted on the axis of the moving iron, can travel 
into it. The compression by the piston of the air in the hollow provides sufficient resistance to the 
motion to prevent oscillation of the moving parts. 

Provided the disc is not near saturation, its magnetisation is roughly proportional to the 
current flowing in the coil. The force of attraction, being proportional to the product of disc 
magnetisation and coil current, is therefore proportional to the square of the current to be measured. 
As in4he case of the hot-wire ammeter, the scale will not be uniform, being crowded at the lower 
end and more open at higher current values. 

These instruments are not so sensitive as those of the 
rectifier type described above. They are not practicable for 
low voltage and current measurements. 

The repulsion type is shown in Fig. 62. The spindle 
pivoted at BB, which carries the pointer P, runs down the axis 
of a cylindrical coil C carrying the current to be measured. 
Attached to the spindle is a wedge-shaped piece of soft iron MI, 
the moving iron. Inside the coil and bent so as to be parallel 
to its circumference is the fixed iron FI. This covers a larger 
arc than the moving iron and is shaped in such a way that it 
is much narrower at one end than the other. When current 
flows in the coil* both irons become magnetised longitudinally 
in the same direction. The magnetic effect of the fixed iron is 
greater at its broader end, and so the moving iron is repelled towards the narrower end, causing 
movement of the pointer. The motion is controlled by the spring S and rendered dead-beat, as 
in the attraction type, by an air dashpot, shown at D. Z is a zero-adjusting lever. 

The force of repulsion is proportional to the product of the pole strengths of the two irons, and 
as each of these is proportional to the current, when working away from saturation, the movement 
is proportional to the square of the current. The non-uniformity of scale which this produces 
may be minimised over the working region by suitably shaping the irons. 

Moving iron instruments are affected by external magnetic fields, and are also liable to hysteresis 
errors which cause them to read low with increasing currents and high when the current is decreasing. 
In modem instruments, these errors can be made very small by shielding from external fields in an 
iron case, and by using for the ‘‘ironsa nickel-iron alloy which has negligible hysteresis effects. 
Particularly in the attracted iron type, the coil C can also be made small, thus minimising tem¬ 
perature effects. 

189. Electrostatic Voltmeter. —^The action of this instmment depends on the force of 
attraction between two opposite charges, insulated from each other. A spindle mounted between 
pivots carries a pointer and a light aluminium vane V, which can swing between two electrically 
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common bras^ plates BB. The whole instrument is enclosed in a metal'case on an insulating base 
and provided with a glass window for observing the scale. Apart from the window, the instrument 
is thus shielded from the electrostatic effects of external charges. 



Sectional plan at A .B. 

Fig. 62. 

The moving vane is generally in conducting communication with the case via its spindle, 
and the brass plates are insulated from the case. 

In the uncharged position the long axis of the moving vane is set at some angle to that of 
the brass plates, as shown in the diagram. When a P.D. is established between the moving and 

fixed parts they are equivalent to the plates of a condenser and acquire 
equal and opposite charges, the electrostatic attraction between which 
draws the moving vane into the space between the brass plates and 
causes the pointer to move over the scale. The motion is controlled 
by a spring, and the pointer comes to rest in such a position that the 
opposing torque due to the spring bedances the moment of the electro¬ 
static forces causing motion. The equal charges on the moving and 
fixed plates are proportional to the P.D. and the force of attraction is 
proportional to the product of the charges. The movement of the 
pointer is thus proportional to the square of the P.D. and the scale is 
not uniform. 

In a ship, the instrument should work in any position, but the 
weight of the moving vane would have a different moment in different 
positions and so would alter the zero. To prevent this the vane is 
counterpoised by two small weights on the other side of the axis of 
rotation. 

The great advantage of the electrostatic voltmeter is that it takes 
no current, and so wastes no energy and does not suffer from 
temperature defects. It is also unaffected by stray magnetic fields, 
but the unavoidable use of a glass window renders it liable to errors 
from external electrified bodies and particularly from electrification of the glass itself, such as is 
produced by cleaning it. This is avoided to some extent by coating the glass with transparent 
conducting varnish and fixing on it a strip of metallic foil to conduct electrostatic charges to earth. 

190. Measurement of Resistance. —In Service wireless practice, it is often necessary to test 
the insulation between a high potential j)oint and earth. The instrument used for this purpose is 
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called a Megger and reads directly on a scale the resistance between the two points at wliich it 
is connected. 


The principle of the Megger is shown in Fig. 64. The measuring system consists of two coils 
mounted at right angles to each other on a common shaft and called the Current or Deflecting 
Coil and Pressure or Control Coil respectively. They are pivoted so as to be free to move in the 
magnetic field of a permanent magnet, and wound so that when carrying current they tend to 
rotate the movement in opposite directions. The pointer thus comes to rest in an equilibrium 
position determined by the relative values of the currents flowing in the two coils. 


The Pressure Coil is connected, in series with a fixed high resistance to adjust the range, 
directly across the generator. One generator terminal is earthed and the other is connected 

through the Current Coil and a fixed resistance to the point whose 
insulation to earth is to be tested. Thus the Current Coil is 
in series with the unknown insulation resistance across the 
generator terminals. 

When the Current Coil is on open circuit, i.e., when the 
cuATon unknown resistance is infinite, current will flow only in the 
Pressure Coil and the pointer will take up a definite position 
which is marked " Infinity on the scale. When the Line-Earth 
terminals are short-circuited, i.e., the unknown resistance is zero, 
the pointer will assume another position, marked zero on the 
scale. Intermediate values of resistance will cause the pointer 
to take up positions on the scale between these two limits, and 
these positions may be determined by inserting known resistances. The instrument is thus 
calibrated to read resistance directly. 



Megger Setting. 
Fig. 64. 


D 



Bridge Setting. 
Fig. 65. 


The generator armature is rotated by hand from a handle 
outside the instrument. A constant-speed clutch is interposed 
between the handle and the armature, so that the armature 
cannot rotate above a certain rate (160 r.p.m. in the Service 
instrument), no matter how fast the handle is turned. In addition, 
if the handle is stopped suddenly, a free wheel allows the 
armature to come to rest slowly so that the generator is not 
damaged. 

The lowest resistance which can be measured accurately on 
this instrument is about 10,000 ohms. The range may be 
extended to 0*01 ohm by means of a change-over switch, which 
gives the circuit of Fig. 65, known as the Bridge Setting. 

The principle employed is that of Wheatstone's Bridge 
(paragraph 73). The unknown resistance forms one arm of the 
bridge, the fixed resistance in series with the current coil forms 
another, and a known resistance with various tappings provides 
the other two arms as shown. 


The current coil takes the part of the galvanometer in the ordinary Wheatstone Bridge 
arrangement. The bridge is balanced when no current flows in this coil. As shown above, the 
pointer in this case indicates ** infinity '' on the scale, so that the procedure is to adjust the tapping 
point until this reading is obtained. 
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ALTERNATORS, GENERATORS AND MOTORS. 

191. The discovery that an E.M.F. is induced in an electrical circuit which moves so as to alter 
its flux-linkage with a magnetic field (paragraph 145), provides a method of generating E.M.F.s on 
a commercial scale. The most convenient method of obtaining the continual relative motion of 
conductor and field necessary for continual change of flux-linkage is to have the conductor in the 
shape of a loop, and either to rotate the conductor in a fixed field, or to keep the conducting loop 
fixed and rotate the field. In either case, as will be seen below, the E.M.F. induced in the loop is 
alternating, i.e., it changes its direction round the loop periodically. 

The loop E.M.F. may be applied directly to an external circuit, in which case the current in 
the external circuit will also be alternating. Such machines are called Alternating Current Machines 
or. Alternators. 

It is also possible to arrange that the E.M.F. applied to the external circuit is direct, i.e., 
always in the same direction round the circuit, in spite of the alternating character of the loop 
E.M.F. Machines of this type are called Direct Current Machines, or D)mamos, or Generators. 

192. The Alternator.—Fig. 66 (a) shows a conducting loop arranged in a magnetic field, with 
a collector ring electrically connected to each side of the loop and provided with two metallic 
brushes, each so moimted as to make electrical contact with one of the collector rings. » 

The external circuit is connected to the two bnishes as shown. 

Call the conductor on one side of the loop A, and that on the other side B. 

In Fig. 66 (i), (c), {d) and {e) the loop is shown in section at successive positions, at angles of 
0°, 30°, 60°, and W° with the vertical. 

Now consider the changes in flux enclosed by the coil. In Fig. 66 (i) the coil is enclosing 19 
lines ; in Fig. 66 (c) 15 lines, a decrease of 4 lines ; in Fig. 66 {d) 8 lines, a decrease of 7 lines ; and 
in Fig. 66 (e) no lines, a decrease of 8 lines. 

It is not possible in a figure such as this to draw sufficient lines to get any accurate results, 
but at any rate we may deduce that when the loop is moved a very small way away from the 
vertical position the decrease in flux interlinked by the coil is small, while the nearer the coil gets 
to the mid-position between the poles the more rapid is the decrease in the flux enclosed. 

After the mid-position has been passed, the flux enclosed by the coil increases, at first rapidly 
and then more and more slowly, till the vertical position is reached once more. 

The magnitude of the E.M.F. induced in the coil depends upon the rate of change of flux 
enclosed by the coil, the whole action representing an attempt to keep the flux linkage constant. 

Hence, when the coil is moving from 0° to 90°, the E.M.F. induced will increase from zero to 
maximum, and when moving through the next quadrant it will fall from maximum to zero. 

193. As regards the direction of the induced E.M.F., one need only apply Fleming’s Right- 
Hand Rule (paragraph 147). The bar B is cutting lines of flux in an upward direction and the 
field is from left to right; hence the direction of the E.M.F. will be inwards. 

The bar A is cutting the same field in a downward direction ; hence the direction of the induced 
E.M.F. will be outwards. 

Thus the induced E.M.F.s in the two bars will combine to drive a current round the circuit. 
The total E.M.F^ acting round the loop will be double that generated in either bar. When a loop 
has turned through half a revolution and conductor A begins to move up on the right, and B down 
on the left, the directions of the E.M.Fs. in the two bars will be reversed. 

Fig. 66 (f) illustrates the directions of the E.M.Fs. at successive instants. 

Hence the E.M.F. induced in any one armature bar A varies from a maximum in one direction, 
when the bar is opposite the centre of one pole, to zero when it is on the neutral line —midway 
between the poles. Then the direction of the E.M.F. reverses, rises to a maximum in the opposite 
direction, and falls to zero once more. 
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Fig. 66. 


194. The Sine Curve. —It is required to show that 
the voltage induced in any loop, rotating at a uniform 
speed in a uniform field, varies as the sine of the angle 
through which the loop has been turned from the neutral 
plane which lies at right angles to the field. 

The loop AB is rotated in the uniform field shown in 
Fig. 67. 

The line AC drawn at right angles to OA (that is, 
as a tangent to the circular path in which A and B are 
revolving) will represent the direction of motion of the 
conductor at the instant shown, after it has revolved 
through an angle 6. 

Its length, drawn to any convenient scale, can be 
taken to represent the velocity of the bar A. 

We draw the line AD horizontally from the point A, 
and the line CD vertically from the point C. 

This gives a triangle of velocities. The velocity line 
CA has been resolved into two components, viz., AD 
representing the horizontal velocity of the bar A, and 
DC representing its vertical velocity. 


From the point of view of generating E.M.F. we are only interested in the horizontal movement 
of A, since it^ is only when moving horizontally that it cuts across the magnetic field, and generates 
an E.M.F. The length of AD at any instant will, therefore, be a measure of tHe rate of cutting of 
lines of flux by A, and therefore of the voltage generated. 



Fig. 67. 


The vertical component CD represents the motion of A parallel to the 
field, which motion has no effect in generating an E.M.F. 

We therefore wish to investigate how AD will vary during a revolution 
of the bar A. 

195. Since CD is perpendicular to the initial position of the conductor, 
and AC is perpendicular to its direction AB after it has turned through an 
angle 0, it follows that angle ACD is equal to 0. 

Fig. 68 shows the bar in successive positions as the angle 0 varies from 
0° to 90". 

(а) 0 = 0", DC = AC, and AD = 0 ; no lines of force are being cut 
and no voltage is being generated. 

(б) , (c) and (d). The line AD, and therefore the voltage generated, 



' e-90* 

Fig, 68. 


steadily increases. 

(e) 0 = 90", AD == AC ; therefore the voltage 
generated is a maximum ; 
and so on. 

AD 

Now sine of the angle ACD. 

Therefore AD = AC X sin ACD 

= a constant x sin ACD 

= a constant X sin 0. 

AD is proportional to v, the voltage induced at any 
instant. 

Therefore v = a constant X sin 0. 

If v == when A is oppo 3 ite the centre of the north 
pole, i.e,, when 0 = 90", it follows that the constant in 
the above expression is equal to for sin 90" = 1. ^ 
is the maximum value assumed by v in a revolution. 

Hence 

V = ^ sin 0 . . . . . . . . (1) 
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Taking figures, let us suppose that is 10 volts. 

Then from a table of sines we find that v will go through the following values :— 


0: 

0° 

10°, 

20°, 

30°, 

40°, 

50°, 

60° 

V: 

0, 

1-74, 

3-5, 

5-2, 

7, 

7-6 

8-6, 

0: 

70°, 

80°, 

90°, 

100°, 

110°, 

120°, 

&c. 

V: 

9-4, 

9-8 

10, 

9-8, 

9-4, 

8-6, 



A convenient method of plotting the curve w = ^ sin 0 geometrically is shown in Fig. 69. 

Let the line OA represent Then the line AM = OA sin Q = PU sin 0. 

We may now take a horizontal line DE to represent degrees and plot on it the various lengths 
and directions of the line AM as the point A revolves. 

Fig. 69 is a graph of the various values of AM as the line OP revolves through 360°. The 
dotted lines indicate how the curve is constructed, and should need no further explanation. 

When AM comes above the line CD we call it positive in sign. This will be for values of 0 
l 5 nng between 0° and 180°. For values of 0 between 180° and 360°, A wiU be below the line and 
AM will be negative. 

After joining up all the points we have the curve as in Fig. 69. 

A curve constructed in this manner is termed a “ Sine Curve.” 

The maximum height of the curve, called its " amplitude,” will be equal to OA, which equals 

V. 

At all times the height of the curve = ^ sin 0, so that;— 

When 0 = 0° or 180°, ^ sin 0 = 0: when 0 = 90° or 270°, V smd = V X 1 = 
or ^ X — 1 = — 

The variation of the curve from zero, to a maximum positive, through zero to maxi¬ 
mum negative, and back to zero again, is termed a “ Cycle.” 

196. Frequency. —In every revolution of the 
armature bar, a cycle of the E.M.F. is completed. 
Hence, if the bar is revolving at / revolutions per 
second, / cycles are completed per second. 

“ Cycles per second ” is termed ” Frequency.” 
In the two-pole machines shown, the frequency 
= revolutions per second. 

If the alternator has more than one pair of poles 
(as indicated in Fig. 70), then a cycle occurs for each 
pair of poles passed in the course of the revolution. 

Hence, frequency = revs, per sec. X number of 
pairs of poles. 

197. It will be convergent to express the angle 0 in circular measure. 

Consider a two-pole machine. 

In one second / revolutions take place, each of 360° ; but 360° = 27r radians. 

Therefore in one second / revolutions take place, each of 2n radians. 

In one second, 2n/ radians are swept out in all. 

So 2nf is the number of radians swept out per second. 

This is called the ‘‘ angular velocity.” 

For brevity, the expression 2i:/ is denoted by the letter “ (o ” (a Greek letter called “ omega ”). 
Thus (I) = 2n/ = 6*28 x /. 

In a time t secs., the angle 0 in radians swept out by the conductor is 0 = <i>l. Formula (1) 
in paragraph 195 thus becomes 

» = sin co< ... in volts . 



(2) 
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If two pairs of poles are fitted, although the armature sweeps out only_360 actual degrees, we 
have two complete cycles, which require on the curve 720 electrical degrees. 

By using co " to represent angular velocity, we mean “ electrical'' 
angles, without reference to any definite number of poles. 

★198. The above results may be obtained much more directly as 
follows:— 

Let the initial position of the loop be on the neutral axis midway between 
the poles, and after a time t, let it have turned through an angle 6 from its 
initial position. The angular velocity is 6> and so 

6 = (xit. 



Let B be the flux density, and A be the area of the loop. 

The flux linkages in the initial position = BA. In its position at time t, the area of the loop 
projected at right angles to B is A'cos 0. 

.'. Flux linkages at time t = BA cos 6 = BA cos o^/. 


Induced E.M.F. v 


d ' d 

(flux linkages) = — (BA cos co/) coBA sin to/. 


dt 


The maximum value ^ of the induced E.M.F. is when sin co/ = 1, i.e,, coBA, and we can write 

V = ^ sin (*>/. 

Thus the induced E.M.F. is a simple sinoidal alternating E.M.F. and goes through one cycle 
per electrical revolution. 


199. Alternating Current.—Now let us take this sinoidal voltage and apply it to the ends 
of a circuit, shown in Fig. 66 (a). 

Suppose, at first, that the circuit contains resistance, but that it is non-inductively wound and 
has no capacity. A current will flow, which will rise, fall and reverse in step with the voltage 
impressed on the ends of the circuit, and we can employ Ohm's Law to find the strength of the 
current. 


Hence, the current at any moment 

^ “ R 


sin oit ~ J sin co^ 


200. The Alternator.—A single armature bar would have to be revolved at a tremendous 
speed in a very dense magnetic field in order to generate an E.M.F. that would be of any use to us. 

An alternator armature winding therefore consists of several groups of 
windings arranged in series, separated by the same distance that separates 
the poles, and so wound that the E.M.F.s induced in all the coils act in the 
same direction, as in Fig. 71. 

In Fig. 72 is illustrated a portion of an armature winding in successive 
positions as it passes under a pair of poles. 

When it starts (a) it is not cutting any flux, and so is generating no E.M.F. 
As it moves under the pole pieces, the E.M.F. induced in it rises, till in 
Fig. 72 (c) it is generating a maximum E.M.F. (as shown by the curve above 
it) because it is cutting across the field at right angles. 

As it moves away from the central position the generated E.M.F. will fall off, till it is zero again 
as in Fig. 72 {e). 

The right-hand side of the coil will then come under the influence of the north pole and the^ 
left-hand side under that of the next south pole (not shown in the illustration), and the E.M.F. 
wiU start to rise in the opposite direction. 



201. The Armature. —We have previously shown that for a given magnetismg force, the 
totkl number of magnetic lines produced in a magnet will depend upon the reluctance of the 
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magnetic circuit. The greater part of the reluctance in a magnetic circuit of ordinary dimensions 
is due to the air gap. It is clear that by.reducing the air gap between the poles, we can get a 



greater density and therefore a greater total 
number of magnetic lines with the same mag¬ 
netising force. 

This air gap am be reduced in two ways ; 
firstly, by shaping the pole faces in a curve so 
that they are parallel to the path of rotation of 
the conductors and, secondly, by filling up the 
space inside the path of the conductors—that is to 
say, filling up the core of the armature—with iron. 

Such an arrangement is shown in Fig. 73 (a), 
where, as is usual in most dynamos, the con¬ 
ductors are shown embedded in slots in the iron 
core, thus reducing the gap between the iron of 
the pole face and the iron of the armature core to 



a minimum. 

Besides increasing the density of the magnetic 
field, this will, to a certain extent, alter the 
distribution of the magnetic lines of force, with 
the result that the E-M^F. generated by rotating the 
conductor through a complete revolution will not 
exactly follow the sine curve as shown in Fig. 69. 


Fig 72 Alternators designed for wireless telegraphy 

purposes, however, are generally arranged to give 
what is practically a sinoidal voltage curve. This is sometimes arranged for by inserting the 
conductors through holes completely enclosed by the iron of the armature, as illustrated in Fig. 73 
(6), An armature wound in this manner is known as tunnel-wound. 


- Pole Winding.—Unless permanent magnets 

^ used for the field of an alternator, some arrangement 

must be made for producing a magnetic flux through the 
^ ^ pieces. 

0 Except for special machines (such as a “magneto"’), 

^ permanent magnets are unsuitable; in the first place, the 
A^atures, magnetic flux density is low, thereby necessitating a large 

amount of steel to produce a given amount of flux; 
secondly, any current taken from the armature tends to demagnetise the poles owing to reaction; and, 
thirdly, they are expensive. More recently, however, it has become possible to obtain much higher 
flux densities with permanent magnets. 




Fig. 74. 


It is usual, therefore, to use electro magnets for the 
fields of a dynamo, i.e,, coils of wire wound round cores, 
and supplied with direct current as illustrated in Fig. 74. 

If it is required to regulate the current flowing 
through the field winding, an adjustable resistance may 
be inserted in series with the mains; such a resistance 
is termed a “ Field Regulator.” 

203. The Slip Rings. —Since the armature of the 
t 5 q)e of machine .being described must necessarily be 
kept rotating to generate an E.M.F.,a method must be 
devised for connecting the windings of the armature 





Chapter IV. 




to any desired outside circuit. This is usually accomplished by the use of ‘‘ slip rings " and 
brushes.'' 

Two brass rings are carried on the shaft of the armature and carefully insulated from each 
other and from the shaft, as shown in Fig. 75. 

These rings rotate with the armature, but as they have a smooth surface, connection can 
conveniently be made to them from a fixed part of the machine by means of carbon ‘‘ brushes " 
pressing lightly on the surface of the rings. 

___ One end of the armature winding is then connected 

to one slip-ring and the other end to the other slip-ring, 
while the outside circuit to which it is desired to connect 
the alternator is connected to the two brushes. 


204. Eddy Currents. —It has already been seen 
that the conductors on the armature are embedded in an 
iron core in order to reduce the air gap in the magnetic 
circuit of the alternator. 

Obviously, this iron core revolves with the con- 
doctors in the magnetic field. Since the iron is also a 
conductor of electricity and is unavoidably cutting the 
“ lines of force induced by the field magnets, the result is 
that E.M.F.s are generated in the iron body of the arma¬ 
ture and cause currents to circulate continually in the 
metal. 

These currents arc known as Eddy Currents, and since they 
cannot be utilised they only represent so much wasted energy, and 
in addition heat up the iron of the armature core to the detriment 
of the running of the machine. Means must therefore be found 
to reduce them to a minimum. 

The direction of these currents will be found by applying 
Fleming’s “ Right Hand Rule,” and will be as shown in Fig. 76 ; 
that is to say, round the core at right angles to the lines of force. 



SLIP PJNC.S 

Slip Rings. 
Fig. 75. 


OF tout CuRf^ts 



OiRICTioki or Mortc 


Direction O' magnctic unch 


Eddy Currents in Armature, 205. Lamination. — To prevent these currents flowing, 

armature cores are built up of a large number of thin circular 
plates of iion, separated from each other by very thin paper or varnish. The plates are threaded 
on to the armature shaft and are clamped together by some suitable means, such as that illustrated 
in section in Fig. 77. 

It will be seen that these sheets of paper, being non- 
J ir [ |ii l l l lifH ! l iiM ^ r 'TiC "conducting, offer a large resistance to any currents which 

tend to flow in the iron core in a direction parallel to 
clamp.m> Rv sTt I .shaft, as indicated in Fig. 76. 

same time they do not increase the reluctance 
^,111111 I magnetic circuit to any great extent, as the lines 

of force can pass freely down each plate of the armature 
Lamination oj Armature . core without passing through the paper. 

Fig. 77. 

206. Alternator Construction. —Practical alternating current generators may be divided 
into three classes, thus :— 

» [a) Rotating armature rnacliincs ; {b) rotating field machines ; {c) inductor^-type machines 
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207.— (a) Rotating Armature Machines. —^These are of 
the t 5 T)e previously described, and are spoken of as having 
a “ Rotor ” (or rotating) armature, and a “ Stator ” (or 
stationary) field. 

A revolving armature carries the winding in which the 
alternating current is generated, and poles projecting inwards 
(a) from a yoke in the form of a ring carry the field windings, 

which are supplied with direct current from an outside source. 

(b) Rotating Field Machines (Fig. 78).—^These have a 
Rotor field andaStatorarmature,t.«.,themagnet coils arecarried 
on poles projecting from a hub (or ring in larger sizes) and are 
supplied with direct current through two slip-rings, while the 
armature winding in which the alternating current is generated 
is wound in slots 6n the inside of a cylinder enclosing the rotor. 
Fig. 78 (a) and (b) show diagrammatically an elevation and plan 
view respectively of part of the armature winding. 

W The direction of the induced E.M.F. is obtained by 

Fig- 78. Fleming’s Right Hand Rule, but if, as in Fig. 78, the field is 

moving to the right, this is equivalent to keeping the field stationary and moving the armature 
conductors to the left. This must be allowed for in applying the rule, in which the thumb gives 
the direction of relative motion of the conductor. The E.M.F. induced into conductor a (Fig. 
78 (a)) is into, and in conductor b out of, the paper. In Fig. 78 {b) the flux is coming out of the 
paper from the north pole and going into the paper again at the south pole. 

This is a more convenient method of generating a high-voltage alternating current, since the 
conductors and slip rings of the rotor have to stand only the voltage of the direct current supplied 
for magnetising the field, while it is much easier to insulate the stator winding, which does not 
require slip-rings. 
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208.—(c) The Inductor Type.—In the “ Inductor ” type of alternator both the armature 
winding and the field magnet winding are wound on projections inside the stator, while the rotor 
consists of a drum carrying projections of steel or iron material. 

A c TERMINALS Fig. 79 (a) illustrates diagrammatically 

a machine of this type. The armature 
winding is wound on projections of the 
stator while, for clearness, the field winding 
(0 shown on the legs of the field magnet 

system. Therotorissimplyasoftironcylin- 
der with projections whose width corres- 
ponds to the pole pitch of the stator. 

("1 Fig. 79 (i) illustrates the action. The 

rv« flux is formed into “tufts "each time a rotor 

pole is opposite a stator pole ((i) and (iii)); 
when the poles are in the midway position 
, , (ii) the flux is fairly evenly distributed 
across the air gap. Therefore, considering 
(o) (t-) any one stator pole, the flux is continually 

Alternator—Inductor Type — diagrammatic, spreading out and gathering in again, the 

Fig. 79. spreading out causing one alternation and 

the gathering in a reverse alternation, and the two together forming one complete cycle. 

An E.M.F. is developed in the stator winding and it may be made to have the form of a sine curve. 

The frequency is given by the number of revolutions per second of the rotor, multiplied by the 
number of its projections. 

The generation of an E.M.F. in this case may also be considered as a result of the variable 
reluctance of the path of the flux lines, as the air gaps between the stator and rotor poles alter in 


Alternator—Inductor Type — diagrammatic. 
Fig. 79. 
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length during a revolution. The ampere-turns producing the field are a constant quantity and so 
therefore is the M.M.F. (paragraph 92). Variation in the reluctance of the magnetic circuit 
thus produces a variation in the number of lines linking with the armature circuit and 
an E.M.F. is generated. 

THE DIRECT CURRENT GENERATOR, OR DYNAMO. 

209. Exactly the same principles hold good as regards the E.M.Fs. produced in the conductors 
of the armature of a continuous current dynamo. That is to say, alternating E.M.Fs. are produced 
in the conductors themselves, but, as we shall show later, these alternating E.M.Fs., instead of 
being brought straight to the outside circuit through slip-rings, as in the case of the alternator, 
are taken through an apparatus for automatically reversing their direction, so far as the outside 
circuit is concerned, at definite intervals. 

In order to produce a continuous current in the outside circuit, or, as it may be better con¬ 
sidered, in order to produce a continuous E.M.F. at the brushes of the dynamo, an arrangement is 
provided for reversing the connections of the armature coils at the brushes at the moment when 
the E.M.F. induced in the coils reverses. 

This arrangement is known as the Commutator, and 
its action is described in the following paragraphs. 

210. The Commutator. —Let us take the simplest 
case of a single coil being rotated, as shown in Fig. 80. 

If the two ends of the coil, instead of being connected 
to two slip rings, be connected one to each half, A and B, 
of a divided ring which rotates with the armature, and if 
the two brushes C and D be fixed in the position shown, it 
is evident that while the coil is travelling under the N pole of the 
magnet the half-ring A will be in contact with the brush D and 
the half ring B with the brush C (Fig. 80 (a)), and, similarly, 
while the coil is travelling under the S pole of the magnet, A 
will be in contact with C, and B with D, as shown in Fig. 80 {b). 

By tracing the directions of the E.M.F. generated, it will be 
seen that while the coil is travelling under the N pole, the half 
ring A will be positive and B will therefore be negative, and 
similarly, while the coil is travelling under the S pole, A will be 
negative and B positive. It follows, therefore, that the brush D will always be in contact with 
whichever half ring is positive and the brush C with whichever half ring is negative throughout 
the revolution. 

Since the wave form of the E.M.F. generated in the active conductors of the coil takes the 
form shown in Fig. 69, it is obvious that the curve showing the value of the E.M.F. at the brushes, 
when the coil is thus connected to a split ring, will take the form shown in Fig. 81. 

Let us develop this arrangement a little further and take a commutator 
with four segments, connected to four points on the armature winding, as in 
Fig. 82. 

If the position of the brushes is adjusted as shown, it will be observed 
that each brush short-circuits two segments when the coil attached to these 
segments is generating no E.M.F. With respect to the brushes, the coils are 
Fig. 82. arranged in two sets of two coils in series, the sets being in parallel with each 

other. The E.M.F. between the brushes is thus the sum of the E.M.Fs. in the 
two coils in series on one half of the armature. The individual E.M.Fs. in these coils are shown 
dotted in Fig. 83. One la^ on the other by a quarter of a period, as is evident from Fig. 82. The 
total E.M.F. of the machine is the sum of these two E.M.Fs., indicated by the full Ime curve in 
Fig. 83. 




Fig. 81. 
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211. Armature Windings. —In practice, an armature winding consists of a great many 
conductors arranged in slots on an iron core. Each conductor is connected to one segment of 
the commutator. 

The conductors are not in practice arranged as in Fig. 82, which 
illustrates a “ ring-wound or “ Gramme ring armature, but are 
wound entirely on the outside of the armature, as in Fig. 84. 

All the coils are so arranged that they, together with the com¬ 
mutator segments to which they are connected, form a closed circuit 
upon themselves, and each coil always comprises part of the circuit; 
consequently the P.D. between the brushes is half the sxim of the 
Fig. 83 . average E.M.Fs. induced in all the conductors. 

An illustration of one coil, and the way coils are built up on an 
armature, is given in Fig. 85 (a) and (t). 

There are two main types of windings :— 

(1) Lap (or parallel) ; and 

(2) Wave (or series), with simple and complex forms of each. 

The reader is referred to any standard electrical textbook for a 
Fig. 84. description of the various methods of winding an armature. 

212. Commutator and Brushes. —The 

commutator consists of strips of copper in¬ 
sulated—usually by mica—from each other 
and from the shaft about which it is built in 
the form of a cylinder. 

The brushes are usually of graphitic 
carbon, which has a high resistance and 
keeps down sparking, keeps the commutator 
clean, is comparatively soft, and does not 
wear out or groove the commutator, but takes 
its shape. 

They are sometimes copper-plated at the 
point where they make contact with their 
holders, although this practice is being dis¬ 
continued in machines for wireless purposes, 
and definite electrical connection is made by 
means of a flexible copper wire. 

They are held in brush-holders and the 
latter are fixed to a “ brush rocker enabling 
the brushes to be shifted all together round the 
commutator and.fixed in position. 

213. E.M.F. of Machine.—However the armature is wound there is always a number of 
conductors in series between the brushes, each conductor generating an E.M.F. in the same direction. 
The E.M.F. between the brushes at any instant is the sum of the instantaneous E.M.Fs. in these 
conductors, just as the E.M.F. of a number of cells in series is the sum of their individual E.M.Fs. 
The E.M.F. of the individual conductors is changing continually, but whenever a conductor is 
passing through a fixed position relative to the brushes it always has the same E.M.F. momentarily 
induced, so that there will be, on the average, always the same E.M.F. between the brushes. This 
will be equjd to the average E.M.F. induced in any one conductor in its passage from brush to 
brush, multiplied by the number of conductors in ^ries between the brushes. It is called the 
E.M.F. of the machine. As is suggested by a comparison of Figs. 81 and 83, the fluctuation about 
this mean value becomes smaller as the number of conductors in a series zone becomes greater. 
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There will be a number of such series zones of conductors in parallel between the brushes; 
Fig. 82, where there are two such parallel paths. Each series zone produces the same E.M.F., 
which is the E.M.F. of the machine, and is unaffected by the number of parallel paths ; but, as in 
a series parallel arrangement of cells, the internal resistance of the armature winding is decreased, 
and its current-carrying capacity increased, by increasing the number of such parallel paths. 


214. Calculation of Dynamo E.M.F.—^As explained above, the method of doing this is to 
find the average E.M.F. induced in one conductor in its passage from bnish to brush, and multiply 
the result by the number of conductors between brushes. 

Let be the flux per pole. Then in passing under a N pole and the succeeding S pole, a 
conductor cuts 2 O lines. If there are p pairs of poles alternately N and S round the armature, a 
conductor therefore changes its flux linkages by 2p d) lines in one revolution, and at an armature 
speed of N revolutions per second, the change of flux linkages per second for each conductor will be 
2/> O X N = 2/)N O. Therefore the average induced E.M.F. in any conductor is 2^N O x 10”* 
volts. 

If n is the number of conductors in series between two brushes, the E.M.F. of the machine is 
thus E = 2^N O X 10"* volts. 

n and p are constants which depend only on the construction of the machine, and so we may 
write 

E = KNO 


as a formula to cover all machines, the constant K varying with the particular machine considered. 
Thus in all cases the E.M.F. of a dynamo is proportional to— 

{a) the flux per pole, i.e., the field ; 

(b) the speed. 

The general formula for calculating the E.M.F. of a particular machine is 


g _ 2/>ZNO 
~ a 


X 10“* volts. 


where Z is the total number of armature conductors, a is the number of parallel conducting 
paths through the armature, and the other symbols have the same significance as before. 

For any lap winding, the number of paths in parallel a is always equal to the number of poles ; 
for a simple wave winding, a is always 2. 


215. Energy Changes in Armature.—So far, we have been discussing the dynamo purely as 
a generator of E.M.F. We have now to consider what happens when the E.M.F. is applied to an 
external closed circuit, and current starts to flow. While the machine is on open circuit no 
electrical power is being provided, and the horse-power supplied to the armature shaft by the steam 
engine or other somce of mechanical power has only to spin the armature against the torque or 
resistance to rotation offered by friction, air resistance, etc. As soon as a current starts to flow, 
electrical power is being supplied to the external circuit, this additional power supply being propor¬ 
tional to the current flowing. The power which must be supplied from the mechanical source 
thus increases with the current taken from the dynamo. 

We may consider this conversion of mechanical power to electrical power from two points of 
view. 


216. On closed circuit a ciurrent flows through the armature windings, and so they are current- 
carrying conductors placed in a magnetic field. Thus each conductor is acted on by a force (para¬ 
graph 130) which, by Fleming’s Left Hand Rule, is seen to be in the opposite direction to the 
direction of rotation. This “ electrod5mamic torque ” has to be overcome by the mechanical drive, 
and so additional power must be supplied for this purpose by the source of power. 
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We can find the value of the “ electrod 5 mamic torque ” as follows :— 

If the torque is T foot-pounds, the power on the shaft required to overcome it at N r.p.s. is 


27tNT 

550 


HP. 


This mechanical power is completely converted to electrical power E.I,. watts, where 


E is the E.M.F. generated by the dynamo and I, is the armature current. 

Therefore, expressing mechanical and electrical power in the same units (1H. P.=746watts),we have 


2tcNT _ El. 
550 “746 


or 


^ 550 El. 

^ “ 746 X 27tN 


We have seen that E = KN <1> (para. 214) and substituting this value gives 

550 KN <I>I. 550K 

^ “ 746 X 27tN “ 746 X 2 tz ^ 

= K,I.<I), 




RESULTANT FIELD. 

Fig. 86. 


where is a constant depending on K, i.e., on the 
particular machine. 

This shows that the “ electrodynamic torque is in 
dependent of the speed and depends only on the field flux 
and the armature current. 

217. Armature Reaction.—We can also consider the 
problem from the point of view of the flux distribution. 
The current flowing in the armature windings produces 
a magnetic field, and, along with the original field, this 
produces a resultant field in which the flux lines are dis¬ 
torted from their original direction. This distortion in the 
case of a dynamo is shown in Fig. 86. The flux, instead 
of being approximately uniform over the pole surfaces, 
tends to crowd into the forward pole tip in the direction 
of rotation, and is correspondingly weakened in the 
hindward tip. The line along which any coil is enclosing 
maximum flux and generating no E.M.F., the electrical 
neutral axis/’ has advanced relatively to the axis of sym¬ 
metry Between the poles or “ geometrical neutral axis ” 
through a certain angle in the direction of rotation. 

We have seen (paragraph 210) that the aim in com¬ 
mutation is to reverse the current in coils when no E.M.F. 
is being produced in them, i.e., in coils on the “electrical 
neutral axis.*' The brushes must therefore be advanced 
in the direction of rotation from their original position 
on the geometrical neutral axis. 

This will change the distribution of current in the 
armature windings, and so the flux distribution and 


electrical neutral axis will alter again. Thus, the brushes must be advanced still further in the 
direction of rotation until the field due to the armature current is perpendicular to the resultant field. 


218. Fig 87 represents the original state of affairs. AB is the flux due to the field magnets, 
BC is the flux due to the armature current. We advance the brushes through an angle CBC' so 
that the armature field is perpendicular to AC, the original resultant field. The armature field, 
however, retains its original strength and is now represented by BC', which is not perpendicular to 
AC' the new resultant field. Thtis, the brushes must be advanced through another angle C'BC", 
until the armature field is perpendicular to the final resultant field AC', as shown in Fig. 87. 
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The amoimt of this " armature reaction ” is obviously proportional to 
the armature field, and so varies with the current taken from the machine. 

The armature field BC" can be resolved into two components:— 

(«) A cross-magnetising component DC*. It is this component 
which produces the flux distortion. 

(6) A demagnetising component BD in opposition to AB. Thus 
the field magnet flux is weakened cis the current increases and 
the E.M.F. generated by the machine falls off. 



219. Sparking.—Sparking a't the brushes is caused by the self-inductance of the armature 
windings. Fig. 88 (a) shows some of the coils in the neighbourhood of the positive brush joined to 

their corresponding commutator segments. Fig. 88 (6) shows 
the instant just before commutation of coil B commences. 
The current in hV is upwards. Fig. 88 (c) shows the instant 
just after commutation of coil B is finished. The current in 
66' is now in the opposite direction. In each case the current 
is half the armature current (in a two-brush machine), the 
other half, in the same direction to the brush but in the 
opposite direction in the armature, being provided via coil C 
before commutation and via coil A after commutation of coil 
B. Thus the current in coil B has to be changed by an amount 
equal to the whole armature current during the time that the 
brush is short-circuiting the jimction B' of coils B and C. Fig. 
88 (a) shows the middle instant of this interval. 

Under ideal conditions, half the armature current would be 
flowing upwards in 66' in Fig. 88 (6), zero current in Fig. 88 (a) 
and half the armature current downwards in Fig. 88 (c); the 
current would then have been reversed imiformly in the interval 
in which the brush passes over the insulating segment of the 
commutator. 
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Fig. 88. 
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Fig. 89. 


In practice, owing to the self-inductance of the 
armature winding, this reversal is delayed. At the instant 
just after that shown in Fig. 88 (6), when the current from 
b to b' starts to decrease, a back E.M.F. is set up which 
prevents the current from falling to zero in Fig. 88 (a). 
When B' is short-circuited, instead of having zero current 
flowing, there is still a current in the direction bb'c, and 
at the instant shown in Fig. 88 (c), instead of half the 
armature current flowing from 6' to b, the current is 
considerably less. 

Fig. 89 shows how the current actually changes 
compared with the ideal case. At T the current is less 
than half and has to take this value abruptly. This 
sudden change in current causes a big induced E.M.F., 
and a spark passes from segment 3 over the insulation to 
the brush. 


220. Apart from the obvious damage it causes to the commutator, sparking has the further 
disadvantage from the W/T point of view that H/F oscillations are produced, which interfere with 
the working of the sets. 

It may be prevented or mitigated in various ways :— 

(a) By using carbon brushes. The inclusion of a high resistance in an inductive circuit 
lessens the time taken for the current to decay. 
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(6) By advancing the brushes beyond the electrical neutral axis. Under these conditions 
the coil undergoing commutation is cutting flux and has an E.M.F. induced in it 
which is in the direction of the current after reversal, thus balancing the E.M.F. of 
self-induction at commutation. As the latter E.M.F. is proportional to the current, 
the appropriate position for the brushes will alter with the load. For this reason 
the method is not employed o^ modem machines. 

(c) By means of interpoles. These are small poles placed halfway between the main 
poles and having their field coils in series with the armature windings, so that the 
flux they produce is proportional to the armature current. 
Thus the induced E.M.F. in coils passing under them is pro¬ 
portional to the armature current, and automatically balances 
the reactance volts of the coil being commutated, if the inter¬ 
poles are of correct strength and their flux linkages are in the 
correct direction, i.e,, so as to produce an E.M.F. in the coil in 
the direction of its current after reversal. Interpoles must 
therefore be wound so that an N interpole comes before an N 
main pole in the direction of rotation. 

Interpoles also serve another useful purpose, as the flux they 
produce balances that due to the current in the armature 
windings, thus neutralising armature reaction, and mitigating the 
fall in E.M.F. at large currents due to the demagnetising component. 

221. Types of Machine. —Dynamos are usually classified according to the way in which the 
magnetic flux is produced. The simplest method is to use permanent magnets, but the difficulty 
of constructing these to produce sufficient flux for large machines confines their use to the small 
dynamos called “ magnetos.” All large machines employ electromagnets. They may be 

separately-excited or self-excited. Separate ex¬ 
citation involves the use of an independent 
source of E.M.F. for the field coils, and is now 
mainly confined to alternators and low-voltage 
generators. For Naval wireless purposes most 

D. C. generators are separately excited. 

D.C. machines are usually self-excited, i.e., 
the E.M.F. generated by the machine itself is 
used to obtain a current in the field coils. This 
is possible owing to the retentivity of iron and 
steel. Some residual magnetism is always 
present, and, when the armature is rotated, a 
small E.M.F. is generated. If the field coils are 
connected, so that the field of the current due 
to this E.M.F. reinforces the residual field, the 

E. M.F. will build up. 

The field windings may be connected in series or in parallel with the armature windings, or 
there may be a mixture of both, giving three types of self-excited machine. Scries windings alone' 
are never used on generators for Naval wireless purposes. 

222. Types of Self-excited Machine. 

(1) Shunt wound. —In this case the armature current divides into two branches, one 
through the field and one through the external circuit. It is thus advantageous to 
keep the shunt current I, as small as possible, getting the ampere turns for the 
required flux by using a large number of turns. As only a small current is carried 
by the shunt winding, it thus consists of many turns of fine wire. 
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(2) Series wound. —Here the whole armature current I. goes through the field windings 

and the external circuit; thus, for the same ampere turns, a much smaller number 
of coils is necessary, i.e., a series winding consists of a number of turns of thick 
wire, capable of carrying a large load. 

(3) Compound wound. —This is a mixture of shunt and series windings designed to 

combine the advantages of both. 

The potential difference V at the terminals of the machine will depend in each case on the 
current 1^ taken from the armature. If the armature resistance is R„, the potential drop in the 
armature is R^. In addition, there is a drop of potential of one or two volts due to the resistance 
of the brushes. This varies to some extent with the electrical contact they make. We may call 
this potential drop V®. 

.*. V==E-I,R,-Vb, 

where E = KN O is the E.M.F. produced by the machine. 


223. In a separately-excited machine or magneto the flux is independent of variations of 
the armature current, except for the effect of the demagnetising component of the armature 
reaction, which, as we have seen, can be neutralised by interpoles and other devices. 

Tlius, at constant speed, the E.M.F. will be a constant independent of the load current, which 
is the same as the armature current in -this case. The curve showing how the terminal volts of 
the machine at any given speed vary with the current in the load circuit is called a characteristic 
curve of the machine. For a separately-excited machine this will be nearly a straight line, as 
shown in the figure, except near the origin, owing to the irregular variations of Vb in this region. 
Thus, the terminal volts fall off slowly as the load current increases. The machine has a “ falling 
characteristic,** 

A generator is designed not to be run above a certain load, called the “ full load ** of the 
machine. If we assume this to be OM in Fig. 92, then the fall in terminal voltage from no load 
(OR) to full load (MQ) is PQ. This is called the “ regulation ” of the machine, and is said to 
be good regulation ** when PQ is small and “ poor regulation ** when PQ is large. 


224. Shunt-wound Machine.—The exact nature of the building up of the E.M.F. in a self- 
excited machine can be found out by drawing the magnetisation curve, i.e,, the B-H curve, at 
any given speed. It will be somewhat as in Fig. 93. Owing to retentivity, B has a definite 
value when the exciting field H is zero. Hence, an E.M.F. is produced which sends current 
through the field windings, and so produces an exciting field H and an increase in B. As the 
E.M.F. is proportional to B at a given speed, and H is proportional to the shunt current I,, the 
B-H curve is also the E-I/ curve if the scales are suitably altered. The machine is supposed to 

be on open circuit in this discussion, so that all the armature 
current goes through the field windings. The size of I/thus 
depends on the resistance of the armature, R^, and shunt 
windings, R,. If Vb is the brush drop, the fall of potential 
round the circuit is Vg + 1/ (Ra + R/)- ^ 

generated E.M.F., E, is greater than this, the current will 
tend to increase to that value which makes 

E=Vb + I, (R. + R,). 

If we plot Vb + I, (R, + R/) against I,, we shall get a 
^ i.- curve OQT, as shown in Fig. 93. It is practically a 

^ ^ Straight line except near the ongin, and its slope depends 

on R. R,. The only thing we can vary is R,. cuid so 
the slope of the line alters as we alter R,. The line will have a steeper slope if R, is increased. 

, Consider the value of I, shown by OM in the figure. For the particular value of R, considered, 
PM is the generated E.M.F. and QM = Vb + I, (R, + R,). Thus, the E.M.F. is greater than the 
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fall of potential round the circuit by PQ, and so I, will increase, and E will increase with it. This 

y . goes on till the point T is reached. At T the generated 

/ E.M.F. is just sufficient to keep the current OS flowing 

/' ** in the field coils, for it is exactly balanced by the fall 

/ %■''of potential roimd the circuit. Thus, there is no 

//' y' y tendency for the field current to increase over OS, and 

/y y' ^y^ the corresponding E.M.F., ST, is the steady E.M.F. to 

// y' y^ which the machine will build up. For any given 

!//''yy machine it is obvious that the position of T depends on 

w '/^y — -Vg the slope of OQ, on the value of R,. As we 

Q*— --^horIj. increase R,, the slope of OQ increases, and the j»int in 

r I i . • . /ct i j L which it cuts OP moves nearer to the origin, i.e., the 

steady E.M.F. built up becomes smaller. It is obvious 
that there is a limiting value of R, above which the 
machine will refuse to build up any E.M.F. beyond that due to the residual magnetism. 
OWV shows the slope of the fall of potential line for a value of R/ above* this limiting value. The 
E.M.F. is limited to OW. 


225. Thus, in starting up a shunt-wound generator two points should be observed :— 

(а) The field regulator resistance should be adjusted to such a value that the slope of 

OQ is small enough for the machine to excite. Generally, machines excite even 
with all the resistance in the circuit. 

(б) No external circuits should be connected across the terminals until the E.M.F. has 

built up, otherwise part of the armature current is diverted from the field circuit, 
thus reducing I,. For instance, if the output terminals were short-circuited, no 
current whatever would flow through the field coils, and the generator would not 
excite. 


226. The above curve is called the “ internal characteristic ’* of the machine. Of more 


importance from the point of view of stud 5 dng the behaviour of the machine is its “ external 
characteristic.” This is a curve showing the relation between the terminal P.D. and the external 
load current taken from the machine at some particular speed. We have seen that on open circuit 
the E.M.F. builds up to a steady value, depending on the field resistance. If now an external circuit 
be connected across the -terminals, a part of the armature current will flow through it. 



External characteristic of Shunt-wound 
Machine. 

Fig. 94. 


The armature current will increase to cope with this, and 
more power will be supplied by the prime mover to provide 
the increase in electric^ power caused by the increase in 
armature current. The fall of potential in the armature 
windings ( = R,!,) will increase, and so the P.D. at the 
terminals will decrease for the same generated E.M.F. This is 
the P.D. across the field windings, and so the field current 
will be lessened. Hence the flux, and therefore the E.M.F. 
generated by the machine, will fall off. Due to this there will 
be a further decrease in terminal volts, and the cycle of events 
will repeat itself until a steady state is reached, in which both 
the generated E.M.F. and the terminal volts have smaller 
values than at no-load, the actual values depending on the 
armature current. The curve showing how the terminal volts 
vary with the external current can be plotted from experimental 
measurements of these two quantities for various loads, and 
is shown in Fig. 94. 


■^en the external current becomes very large, i.e., if the machine is being overloaded, the 
terminal volts fall off rapidly and increased difficulty is experienced in getting a field current 
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large enough to produce an E.M.F. which will keep the terminal volts up. Eventually this adjust¬ 
ment becomes impossible (at current OA in Fig. 94), and the terminal volts, and therefore the 
external current, fall to zero, i.e., the machine shuts down. This does not occur until the machine 
is carrying a load well above its specified fuU load, which should, of course, never be the case in 
practice. The E.M.F. generated at any load can easily be found when the terminal volts V and 

external current I are known, as it is E = V + RoI„ -}- Vb, and I, = I + If, where ~R/ 

227. It can be obtained graphically from the external characteristic as follows. Consider the 
particular working point P on the characteristic (Fig. 94). The machine is delivering an output 
current OM or NP and the terminal volts are MP or ON. The field current is obtained from the 
relation MP = R/I/. If we draw a straight line OF, making an angle 0 with the current axis, 
where tan 0 = R/, it cuts NP at G ; GK = PM and GK = OK tan 0 = R, x OK. Thus, OK 
represents, to scale, the field current for terminal volts PM. If we make MS = OK, then 
OS = OM + OK = I -f-1, = la, the total armature current. We now draw another resistance line 
OT, which makes an angle <f> to the current axis such that tan <f> = R^- TS = OS tan <f> = laRa 
== potential drop in armature. 

. * . E = PM + TS (= PQ) + Vg for the particular external current OM. In this way every 
point on the E.M.F.—external current characteristic may be plotted, and a curve obtained as shown. 



C.W F 


TIuminal vourft. 


Fig. 95 . 


228. Series-wound Machine.—In this machine the field current is also the external current, 
or at least proportional to it. (The field coils may have a rheostat in parallel for regulating purposes.) 

Thus, the curve connecting generated E.M.F. and external 
current at any particular speed will have the same shape as 
the magnetisation curve of the machine. A typical curve is 
shown in Fig. 95. To find the lost volts in the machine, draw 
a line OA, making an angle, whose tangent is (R^ -f R/)» with 
the current axis. Any point on this line gives the armatiue 
drop for the corresponding current. If to this be added the 
voltage-drop at the brushes given by the corresponding ordinate 
of curve OB, we get the curve OC giving the resultant lost volts 
in the machine. The terminal p.d. (V) = generated E.M.F. (E), 
less lost volts, and so is given by the curve OD. This is the 
external characteristic of the machine, which would be obtained 
by experimental test. It is a “ rising characteristic. 

229. Compound-wound Dynamo,—In many cases it is desirable that the terminal volts 
should be independent of the external current being taken by the machine, i.e., that it should have 
a “ level characteristic.*' As a shunt-wound machine has a falling characteristic and a series- 
wound machine a rising one, it is obvious that a suitable combination of both will give either a 

practically level characteristic or a very slowly-rising one. 
The former is called a “ level compounded " machine 
and the latter an “ over-compounded " one. 

It is also possible to obtain a level characteristic 
from a shunt-wound machine by suitably adjusting the 
series winding on the interpoles. 

230. Voltage Regulation of Self-excited Machines.— 
The terminal volts of a well-designed compound-wound 
machine are independent of the external current, i.e, 
the regulation is automatically nearly perfect. The same 
effect can be obtained for shunt and series-wound 
machines by altering (a) the speed, (6) the resistance in 
the field winding. Generally, the speed is kept constant at 
all loads by means of a governor, and method {b) is used to adjust the voltage. 



Shunt Dynamo. 
Fig. 96 . 
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For a shunt-wound machine, the rheostat is in series with the field windings. As resistance 
is cut out I, increases, and therefore the flux and generated E.M.F. increase. 

Fig. 96 illustrates a shunt dynamo, showing windings and connections. 

In parallel with the field regulator, a shunt protection coil is sometimes provided on the d 5 mamo. 
Its object is to prevent the circuit of the highly inductive field magnet winding being broken, 
as might happen in the leads to the field regulator or in the latter itsdf, thus obviating the voltage 
failing altogether, and sparking or arcing at the break, with risk of fire and possibly danger to 
life. 

A series-wound machine may have a rheostat in parallel with its field, called a “ diverter.” 
The smaller the amount of diverter resistance included, the less current flows through the field and 
the smaller is the E.M.F. generated. 

231. Losses in D.C. Machines.—The power losses are of the same nature in both dynamos 
and motors, and may be classified as follows :— 

(a) Copper losses, due to the ohmic resistance of the armature and field windings, and 

also to the P.D. across the brushes, multiplied by the current flowing through them. 

(b) Iron losses caused by :— 

(i) Hysteresis (paragraph 89) in the armature core and pole pieces. The iron goes 

through p cycles of magnetisation per revolution, and so through hysteresis 
loops per second. Each loop represents a definite power loss. 

(ii) Eddy currents (paragraph 204). 

(c) Mechanical losses due to :— 

(i) Friction at the bearings and between the commutator and brushes. 

(ii) Air resistance to the motion of the armatme, which is increased by the boring of 

the armature for ventilation purposes. This is usually called “ windage 
loss.” 

232. Dynamo Efficiency.—This may be regarded from various points of view. First, we 
have a conversion from mechanical power in the prime mover to electrical power in the machine. 
This gives the “ mechanical efficiency.” 

Total watts generated 
~ Mechanical power supplied. 

Of this total electrical power generated, a part is lost due to the causes considered in paragraph 
231. The rest is available for the external circuit. From this is derived the idea of “ electrical 
efficiency.” 

Watts available in external circuit . 

^ Total watts generated 
Finally, we have the overall or “ commercial efficiency.” 

Watts in external circuit. 

Mechanical power supplied. 

It wiU be easily seen from these definitions that commercial efficiency = mechanical 
efficiency x electrical efficiency. 

The mechanical power supply will generally be given in H.P., and to perform the above 
calculations it must be converted to watts by the formula 1 H.P. = 746 watts. 

In a good dynamo the commercial efficiency may be as much as 95 per cent. Where the source 
of power is an electric motor, this efficiency is usually of the order of 75 per cent. 

233. Calculation of Efficiency.—^The quantities which can be obtained experimentally are 
the H.P. on the armature shaft, the terminal volts V and output current I, and the resistances of 
the armature and field windings, R, and R/ respectively. The efficiencies should therefore be 
expressed in terms of these quantities. 
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Let E be the E.M.F. generated, I, the armature current, and I, the field current:— 


0 ) 


Series Machine. 


1/ == la = I, 

and E = V + I (Ra + R/)- 

Mechanical power supply = HP X 746 watts. 

Total watts generated = El = VI -| - H {R„ + R,.). 
Watts in external circuit = VI. 


. ■ . Mechanical efficiency = 
Electrical efficiency = 
Commercial efficiency = 


VI + I* (R, + R,) 

HP X 746 
VI 

VI + P (R„ I - R,) 
VI 

HP X 746 


( 2 ) 


Shunt Machine. ^ 

I, = I -1-1/ and 1/ = 

E = V ^ RJ. = f R„(l + ) 

Mechanical power supply = HP X 746 watts. 

V2 / V\2 

Total watts generated = EI^ = VI + +Ra f I + ^ | 
Watts in external circuit — VI. 


. * . Mechanical efficiency = 
Electrical efficiency = 

Commercial efficiency = 


V2 / V 

'''+r;+R-(' + r;) 

HP X 746 
VI 


V* 

VI+fT 


R/ 

VI 

HP^ X 746 


-R. 1+ -r 


V \=> 


V 


Example 25. 

What horse-power is required to drive a 150-kilowatt dynamo when it is developing its full-rated 
load, if the machine has a full-load commercial efficiency of 91*5 per cent. ? 

91-5 150 x1,000 

100 ~ 746 X H.P. 


H.P. 


150 X 1,000 X 100 
746 X 91-5 


220 . 


234. Rating of Dynamos.—The rating of a dynamo is the kilowatt-power-load that the 
machine will carry continuously without excessive (1) heating, (2) sparking, or (3) internal voltage 
drop. 

Thus, if a maker puts a label on a machine he sells :— 

“ 500 amps, 100 volts, 2,400 revs." 

he infers— 

{a) that if the machine is kept revolving at 2,400 r.p.m. it will always generate a terminal 
P.D. of 100 volts ; 

(b) that it will stand a maximum current output of 500 amps, without developing any 
of the faults referred to above. 
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THE MOTOR. 

235. The electric motor is a machine for the conversion of electrical energy into mechanical 
energy, and so its function is exactly the reverse of that of a generator. 

When a conductor carrying a current is placed in a magnetic field, it experiences a mechanical 
force, the direction of which is given by Fleming's Left Hand Rule (paragraph 130). The armature 
conductors of a D.C. generator are situated in the magnetic field of the poles, so that if a current is 
passed through them by appl 3 dng an external E.M.F. to the brushes, they will be acted on by 
mechanical forces, and the armature will be set in rotation. By the use of belting or other devices, 
the rotation of the armature may be caused to turn a flywheel or do other useful mechanical work, 
the ultimate source of which is the electrical energy supplied by the external E.M.F. 

236. The same machine can therefore be made to 
act as a dynamo by supplying it with mechanical power, 
or as a D.C. motor by supplying it with electrical power; 

- as regards t 5 T}es of armature, and field windings and 

arrangements, we have thus exactly the same classifica¬ 
tion for motors as for generators, 
s The application of Fleming’s Left Hand Rule shows 

that, if both the current and the external field are reversed, 
the direction of the mechanical force is unchanged; in 

- order to reverse the direction of rotation of a motor, the 

leads must be interchanged either in the armature circuit 
or the field magnet circuit, but not in both. 

Illustrating Action of a Motor. 

Pig. 97 . 237. Torque.—We have already calculated the 

electro-dynamic torqueon anannature carrying a current 
I, when the flux per pole isO, and found it to be proportional to 01, (paragraph 
216). This is therefore the value of the driving torque in a motor. 

As the flux is proportional to the field current I, and the permeability 
H, we may also write T oc (xl,l/. 


238. Back E.M.F.—^As soon as the armature starts rotating, its 
conductors will begin to cut flux, and so an E.M.F. will be induced in 
them just as in a generator. 

Lenz's Law tells us that the induced E.M.F. will be in such a direction 
as to oppose the rotation which is producing it; the rotation is caused 
by the external current supply to the armature, and so the induced E.M.F. will act so as to cut down 
the cmrent, i.e., it will act in opposition to the applied E.M.F. This can also be seen by applying 
the Right Hand Rule to any conductor. This “Back E.M.F.” has the same value as if the machine 
were running as a generator, i.e., E = KN 0 (paragraph 214) and so is proportional to the speed N. 

239. The effect of the torque is to produce an angular acceleration of the armature, i.e, to 
increase N. This causes an increase in the back E.M.F. and cuts down the armature current, thus 
decreasing the torque. 

The torque opposing rotation, due to friction and air resistance, also increases with the speed. 
Thus the net torque available to accelerate the armature decreases as the speed increases. 
Eventually a speed is reached at which the frictional torque exactly balances the driving torque 
(decreased by the decrease in armature current), and there will be no further tendency to accelerate. 
The motor will ihn at this steady speed until the conditions change'. 

Ihis speed may be altered in three ways:— 

(1) The terminal volts may be altered. This is unlikely, as the supply is usually constant 

voltage. 

(2) The resistance in the field regulator may be altered. 



Reversing Switch for Small 
Series Motor. 

Fig. 98. 
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(3) The opposing mechanical torque may be altered by causing the rotating armature to 
do mechanical work, e.g., by nmning a belt round the shaft, which drives a pulley 
or flywheel. 

240. Armature Reaction in Motors.—Just as in generators, the flux due to the armature 
current combines with the field magnet flux to produce a resultant field which is not symmetrical 
about the geometrical neutral axis. Fig. 97 shows that in the case of the motor the electrical 
neutral axis lags behind the geometrical neutral axis in the direction of rotation. Hence, in motors, 
the brushes must be set at a lagging angle, as opposed to a leading angle in the case of generators. 
To effect sparkless commutation the lagging angle must be increased, or interpoles may be used. 
For a motor, the polarity of an interpole must be the same as that of the main pole immediately 
behind it in the direction of rotation. 


241. Energy Conversion in Armature.—In the case of a motor we have to consider the 
efficiency of conversion of electrical energy into mechanical energy. The following notation will 
be used :— 



V — applied volts across armature. 

I^ = armature current. 

R. = armature resistance. 

I, = field current producing flux. 

T = driving torque on shaft. 

E =backE.M.F. 

N = speed. 

The electrical power supplied to the machine = VI^. 

By KirchhofFs Law, V = I^Ra + E- 
. •. VI^ == -f- EI^, where la^Ro is the copper loss 

in the armature. The residue of power EI^ represents the 
electrical power directly converted to mechanical power. 


^ . mechanical power output EL E. 

The efficiency of the motor is tj = —:—-“t— :—V- = ,- 7 — == 

* electrical power input vl^ V 

It is therefore greater the more nearly equal the back E.M.F. is to the applied volts, i.e,, the 
smaller the armature current. Thus a motor is most efficient when running light and taking least 
power (VIa) from the mains. As the load increases, the efficiency falls off. 


242. Motors, like dynamos, are classified according to the nature of the magnetic field excita¬ 
tion. Thus we may have separately excited, shunt, series and compound-wound motors. Separ¬ 
ately excited and shunt motors behave very similarly in practice, for in each case the field coils are 
directly across the applied voltage and so the flux is independent of the motor variables. 

As mentioned in paragraph 239, the speed (N) of a motor may be altered by variations of torque 
or load (T), field flux (O), and applied voltage (V). 

A detailed investigation of the effect on the speed of variation of these three quantities is fairly 
complicated. We may simplify the argument by considering what happens in each case if two of 
them are kept constant and only one is varied at a time. A further simplification in obtaining a 
general idea of how the speed of a motor varies under these conditions is to assume that the back 
E.M.F. (E) remains an approximately constant proportion of the applied voltage. This is justifiable 
in the practical case, because it was seen in the last paragraph that for efficient running the back 
E.M.F. (E) must be nearly equal to the applied E.M.F. (V). The variation in back E.M.F. is much 
smaller than the other variations considered. Since the power converted to mechanical power is 
EI^ watts, we may thus assume that power output P Actually there is a slight decrease in 

proportional power output as I^ increases, for the back E.M.F. falls off slightly. Expressed in 
mechanical quantities the power output is equal to the torque on the shaft multiplied by the speed 
of the motor, and so P oc NT. 

' It iollows therefore that NT « I,. 
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The other general relations we have already obtained are 

T oc I 

and 

E oc N <D oc til ,. 

243. Speed Variation of Shunt Motor. 

{a) Variation of flux (and therefore I,) only. —Since E remains approximately constant 
and E oc NIy it follows that N varies inversely as If. Thus if the field current is 
decreased, the speed increases and vice versa. 

The action is approximately as follows. Suppose that while the motor is 
running at a steady speed the field current is reduced. The back E.M.F. falls 
momentarily and the armature current I„ therefore increases. This increase in 
more than makes up for the fall in If, and so the torque increases and the motor 
is speeded up. This increases the back E.M.F. again and diminishes I, and 
therefore the torque., ^Tien the torque is reduced to its former constant value 
the motor is thus running at a higher speed than before. The back E.M.F. is 
nearly the same as before, the fall in If being nearly compensated by the increase 
in speed. 

The field current is decreased by increasing the field resistance and vice versa. 

Thus increase of field resistance increases the speed ; decrease of field resistance 
decreases the speed. 

(b) Variation of load (torque T) only. —From the relation T « I„I, it follows that if 

I, if constant, then T « The general relation NT « I, therefore shows that in 
this case N is constant. Owing to the slight decrease in back E.M.F. as increases, 
the speed falls off slightly for large armature currents, but practically the shunt 
motor may be looked upon as a constant-speed machine for varying load. 

(c) Variation of applied voltage (V) only. —If I, and T are kept constant, it follows 

from the relation T 1,1^ that I* remains constant and so the back E.M.F. (E) 
must increase as the applied voltage increases. E “ NI,; thus for constant If the 
speed increases w'ith the back E.M.F. and therefore with the applied voltage. 

This is a possible method of varying the speed in a separately excited motor, 
but is hardly practicable in a shunt motor, for any increase of V increases If corre¬ 
spondingly, and the strengthened flux counterbalances the effect on the speed of 
the increase in applied voltage. 

244. Series Motor. —^The flux in this case depends on the armature current, which is also the 
field current, or proportional to it. The flux therefore varies according to the magnetisation curve 
of the machine. At saturation and above, the flux is approximately constant, as in the shunt 
motor, so that for large armature currents the behaviour of the series motor approximates to that 
of the shunt motor. 

Below saturation the flux O may be taken as approximately proportional to the field current 
I,, which, in the case of the series motor, is proportional to I„ the armature current. Thus the 
relation T oc I, I, becomes T oc I„®. As the general relation NT oc I, still holds, it follows that N 
must be inversely proportional to 1^, and therefore inversely proportional to the square root of the 
load {\/T). In other words, as the load increases, the speed decreases and vice versa. 

■V^en running light (I, and therefore T small), N will be Very large. Hence, in order to avoid 
dangerous starting speeds, a series motor should always be started on load. By keeping N small, 
this also gives a big starting torque, so that a series motor is used where quick starting up on load 
is desirable, e.g., in electric traction. 

To increase the speed with a constant load, the relations T oc I^I, and NT oc I, show that N 
varies inversely as If. To k(!ep the load constant, I, must increase as I, decreases, so that a method 
has to be devised of varying the field current without affecting the armature current correspondingly. 
A controller is used which changes the field windings from a series to a parallel arrangement. For 
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instance, in a four-pole machine, the four field windings in series gives the lowest speed. For 
successive increases of speed the field windings are arranged two in series, two in parallel, and 
finally all in parallel. A resistance in parallel with the field windings, called a “ Diverter," may 
also be used to decrease the field flux. 


Example on Speed Variation (26). 

The particulars of a shunt motor are shown in Fig. 100. It is required to find the speed of this 
motor when a resistance of 2 • 5 ohms is inserted in the field regulator, the load remaining unaltered, 
and assuming that the flux is proportional to the field current. 

At 400 r.p.m., \f — 100/10 = 10 amps. 

la = 30-10 = 20 amps. 

. • . Rala == 20 X -05 = 1 volt. 

. . Back E.M.F. = 99 volts. 

Back E.M.F.=KNI,=400x 10 X K. 

4,000* 

At final speed, 1/ == 100/12-5 — 8 amps. 

Load is unaltered, t.«., T oc Ia4>oc 1,1, is constant, 
I,' 1/ = I.I, 

I,' X 8 = 20 X 10. 

•05 X 25 = 1-25 volts, and new back E.M.F. ^ 100 — 1*25 
98-75 



Fig. 100. 

. •. I,' = 25 amps.. ’. R,I,' = 
98-75 volts. 

i.e., KN' 1/ 
99 


4,000 
N' = 


X 8 X N' = 98-75. 


98-75 X 4,000 
8 X 99 


= 500 r.p.m, nearly. 


245. Starting Resistance. —^The armature resistance of a motor is made as small as possible, 
to diminish the power loss in the armature, and is only designed to carry the armature current at 
the normal running speed. At this speed the back E.M.F. (= KN O) is nearly as large as the 
applied voltage, so that the armature current is small. When the motor is starting up there is 
no back E.M.F., the full supply voltage will be across the armature, and the consequent heavy 
current will burn out the armature winding. This is prevented by inserting a large resistance in 
series with the armature winding when starting the motor, £uid cutting it out as the speed increases. 
The arrangement for doing this is called a motor starter. In addition to performing this primary 
function it also embodies, in general, other safety devices. The starting resistance may be cut 
out by hand or by automatic methods, giving two types of starter. 


Example 27. 

Let the armature resistance of a certain machine be -05 ohm and the applied voltage 100 volts. 
Suppose at full speed the back E.M.F. developed = 98 volts. 


Then the armature current = I, 


100-98 

•05 


2 ^ 

•05 


= 40 amps. 


If the full 100 volts were applied to the armature when it was at rest, a current 


of 


100 

•05 


= 2,000 amps, would flow, which would certainly bum it out if it did not blow a fuse. 

Consequently we must use a starting resistance (R,) to limit this current to (say) 60 amps., as 
follows;— 


I. = 5—7^ or R. = r ^ - *05 = 1 -66 - -05 = 1 -61 ohms. 

+ ^9 A, OU 


(SO 3660) 
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Hence we shall need a resistance in the starter of 1*61 ohms, which will be cut out gradually 
as the machine gathers speed and starts generating a back E.M.F. 

A current is needed at starting rather larger than when the machine has reached its normal 
speed, on account of the inertia of the armature. 

The power taken from the mains = V X I. Of this, a power X Ro will be expended in 


heating losses in the armature. 

The power developed by the motor, including that available at the motor shaft for driving the 
load and expended in friction, windage, eddy current and hysteresis losses = E X la- 

In the above example, the power taken from the mains will be 100 X 40 = 4,000 watts. Of 
this. 40^ X *05 = 80 watts is expended in heating the armature. 

The remainder, 98 X 40 == 3,920 watts, represents the 
total power developed by the motor, neglecting the heating 
losses in the field magnet windings. 

246. Hand Starter. —A typical hand starter for a shunt 
motor is shown in Fig. 101. 

As the starter arm is moved in a clockwise direction it 
comes into contact with the first resistance step and at the 
same instant completes the shunt circuit, the full voltage 
being applied to the field winding. The resistance in the 
armature circuit is gradually cut out. When the starter arm 
is at ON the starting resistance is completely cut out of 
the armature circuit, and so by this time the motor should be 
near its normal speed. A spring control prevents the starter 
arm from being moved over too fast. At “ ON the arm is held against this spring by a small 
electro-magnet energised by the field circuit, and called the “ no-volts ” coil. Should the 
supply fail, this coil ceases to be energised, and the arm returns to the “ OFF '' position under 
the action of the spring, thus disconnecting the motor from the supply. 

If the supply current exceeds a definite value, the ** overload release ” coil attracts a pivoted 
conducting arm, which short-circuits the no-volts coil, thus disconnecting the motor as above. 

In neither case can the motor be restarted without the starting resistance being in the armature 
circuit, and so damage to the armature windings is prevented. 



247. Automatic Starter. —The automatic starter enables a machine to be switched on or 
off from one or more positions remote from the starter by simply making or breaking a switch. A 
typical Service automatic starter is shown in Fig. 102. The starter arm (12) cuts out the starting 
resistance (19) from the armature circuit, but does not insert the resistance (19) in the motor field 
circuit, as in the case of some hand starters. 

Action. —When the “ ON push (27) is made by the operator the circuit is completed from 
positive, through line terminal, reducing resistance (1) and main contactor solenoid (2) to negative. 
The reducing resistance (1) adjusts the value of the current in the contactor solenoid (2) according 
to the input voltage used, and is therefore of different value for varying voltages. 

When the main contactor solenoid (2) is energised, it attracts the armature of the anti-rolling 
stop (34) and allows the main contactor to be pulled on. The anti-rolling stop (34) prevents the 
contactor from making accidentally when the ship rolls, or by concussion during gun fire, etc. 

Three contacts are closed when the contactor is pulled on. 

The magnetic blow-out contact (5) makes first, as it is required to break last and allow the 
blow-out coil (4) to perform its function of blowing out any arcing which may occur at the main 
contact (7). 

The secondary contact (6) makes next and completes the circuit from the contactor through 
the eddy current brake field coil (8), the economy resistance .switch (9), the starting solenoid bobbin 
(10), and the '' ON " push (27). At this stage the economy resistance (16) is short-circuited by 
the economy resistance switch (9). 
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The main contact (7) of the contactor makes last and short-circuits the magnetic blow-out coil 
(4), completes the circuit directly to the motor field (23), and through the whole of the starting 
resistance (19) to the motor armature (24). 

The starting solenoid 10) being energised, the core moves upwards, performing the following 
functions:— 

{a) The self-sustaining switch (11) is allowed to close and thus provides an alternative 
path through the " OFF ” push (28) for the starting solenoid current and allows 
the “ ON ” push (27) to be released. The “ ON ” and " OFF ” pushes are operated 
against the tension of a spring. In the normal position the “ ON ” push (27) is 
broken and the " OFF ” push (28) made. 

(b) By the link mechanism shown, the contact arm (12) is forced sideways against the 

stops of the starting resistance (19), first making contact with the uppermost stop 
(13), and then with the other stops in order, and so cutting out the starting 
resistance (19) in steps. 

(c) The gearing between the horizontal link and the pinion on the axle of the copper 

armature (18) sets the armature in rotation. It moves between two pole faces (17), 
energised by the coil (8), and so has eddy currents induced in it, which tend to 
stop its motion. It thus acts as a brake on the upward motion of the starting 
solenoid core and governs the rate at which the starting resistance is cut out. The 
strength of the braking action is adjusted by varying the distance apart of the 
pole faces (17). 

(d) In its final motion the starter arm (12) at its lower end makes contact with the roller 

contact of the economy switch (9), and thus short-circuits the eddy current brake 
coil (8). At the same time the other contact of the economy switch is broken, 
thus taking the short-circuit off the economy resistance (16), which is then in 
series with the solenoid coU. This prevents overheating of the coils. At its upper 
end the arm makes contact with a separate stop (15), giving a complete short- 
circuit of the starting resistance (19) through the contact arm (12), in case of bad 
contact with the intermediate stops. 

When it is desired to switch off the motor, the “ OFF ” push (28) is pressed and the contacts on 
the main contactor break in the reverse order to that in which they made. The main contact (7) 
breaks first so that the starting solenoid circuit (made through the secondary contact (6)) remains 
energised for an instant and the starter arm (12) is held on for a short time. Thus any arcing due 
to the sudden stoppage of current in a highly inductive circuit takes place at the main contact (7), 
and damage from arcing between the starter arm (12) and the stops is prevented. As the magnetic 
blow-out contact (5) breaks last, arcing at the main contact (7) is blown out, the field of the blow-out 
coil (4) bowing the arc out to a length at which it cannot persist. 

In starters handling smaller power, a separate contactor is dispensed with, and the magnetic 
blow-out functions directly at the starter arm. 

An overload release coil may also be included if no provision for it has been made at another 
part of the circuit. Its operation is similar to that in the hand starter, but as, obviously, a no-volt 
release coil is not necessary in an automatic starter, the overload release coil in this case breaks 
the solenoid coil circuit, 

248. Motor Generators. —^Even when the main power supply for W/T purposes is electrical, 
that which is directly available may be at an unsuitable voltage, or it may be D.C. power when A.C. 
power is necessary. Under these conditions the main supply is utilised to drive an electric motor 
which in turn supplies mechanical power to operate a D.C. generator or alternator suited to the 
required conditions. Such an arrangement is called a motor-generator or motor-alternator, 
according as the output is D.C. or A.C. 

In the D.C. case the motor and the generator may— 

(i) Be entirely separate and have their shafts coupled together ; or 



Chapter IV. 


248-260 


(ii) -Be built in one casting, but have separate pole-pieces, armatures and commutators; 




(iii) In smaller types be arranged in one casting with one set "of pole-pieces and one 
armature, the latter having two distinct windings each with its own commutator 
at either end (“ Dynamotor ”). 

- 1 The step-up or step-down in voltage relative to the 

si«rwj^ Qf ship’s mains is arranged for by :— 

^ q - . o* («) The relative number of armature bars in each 

^ armature ; or 

♦_ _/ N {b) The relative strength of magnetic fields ; or 

(c) Both. 

vowTAfit. Xhe motor being shunt-wound—as is usually the case— 

- ^ ^- <L runs at a practically constant speed, and the generator 

Motor Generator. voltage is not dependent on this factor. 

Fig. 103. Fig. 103 shows a general arrangement of electrical 

connections. 

Applications of motor generators in the Service are, among others—to supply the low power 
switchboard (20 volts) for bells, telephones, fire-control, etc. ; for supplying constant current to 
searchlights at reduced voltage ; for charging secondary batteries, etc. 




Motor Generator. 
Fig. 103. 


249. The Motor Alternator. —The motor alternator consists of a motor and alternator on 
one shaft, as illustrated diagrammatically in Fig. 104. 

The motor is fitted with a starter, and sometimes with a 

|c_ field regulator if variation in speed (and therefore frequency) 

I sT«Te» is required: a separate regulator is supplied for the alter- 

^ jj ♦ nator field current. 

. ^ ®-- The motor field regulator controls the speed of the motor, 

hence the speed of the alternator, and hence the alternating 

~|r—r- frequency, and also the voltage to a certain extent. 

~ s alternator field regulator controls the density of the 

§ alternator flux and hence the alternating voltage independ- 

^. ently of frequency. 

Motor Alternator. 

Fig 104 Motor-Booster. —This is a particular type of motor 

generator, consisting of a motor and a generator (the 
“ booster ”), keyed to the same shaft. The generator is in series with the supply mains, and so 
the voltage generated is proportional to the supply current, and will assist or oppose the supply 
voltage according to the method of connecting up. 

The commoner uses of the booster are :— 

(1) To make up for the voltage drop in a long transmission line ; 

(2) To provide an additional voltage where the main supply voltage is insufficient. 

^ ^ These two uses are essentially the same, and are 

I ~ ! ~T~T ~ illustrated by the arrangement shown in Fig. 105. 

V.CT.UW wmww. mums positive terminal of the booster 

IK.. is connected to the negative main, so that the booster acts 

—-1_I [_J_ C __ just like an additional cell in a battery. Further, as the 

Motor Booster. current in the leads increases, the booster field, and therefore 

Fig. 105. booster E.M.F., also increases, compensating for the 

’ increased IR drop in the leads. 




Motor Booster. 
Fig. 105. 
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251. Automatic Voltage Control of Alternators. —The output voltage of an alternator 
depends on the speed of the machine, and the fljax, i.e,, the field current. Variations in either or 
both of these are caused by :— 

(а) Fluctuations of supply voltage. These alter both the speed and the field current, and 

may be large in ship practice. 

(б) Variations in output current such as are produced, for instance, by switching over 

from two valves to one in a transmitter. This alters the reaction of the alternator 
armature and therefore the flux. 

The object aimed at in automatic control is to produce such variations of the alternator field 
current as will automatically compensate for these effects. 

The necessary variations of field current are obtained by means of the '' reversing booster 
and contactor circuits shown in Fig. 106. 

The reversing booster is a small generator with two oppositely-wound fields. When the supply 
voltage and alternator output are steady these fields have equivalent ampere-turns and neutralise 
each other, so that no booster E.M.F. is generated. 

If the alternator voltage rises above normal, the opposing '' booster field is made to take a 
larger current by the operation of the contactor, and the booster generates an E.M.F. acting against 
the supply voltage to the alternator field. The alternator field current is thus reduced and the 
output voltage falls. If it drops below normal, the reverse occurs ; the assisting booster field 
is made to predominate and the booster E.M.F. augments the supply voltage to the alternator 
field. The alternator field current rises, and therefore the output voltage. 

252. These processes are made automatic by means of the contactor circuit shown inside 

The outer ends of the booster fields 
arc brought to two contacts A and B, 
across which is the combined resistance 
of and Kg*,. This ensures that the 
circuit to either booster field is never 
broken during the operation of the con¬ 
tactor. The common point of Rg^ and 
Rgi, is joined to the pivot F of a conduct¬ 
ing arm DE, which rocks about F so that 
either D makes contact with A, in which 
case Rgo is short-circuited, or E makes 
contact with B, short-circuiting Rg^. 

The movement of the contactor arm 
is mechanically controlled by a spring. 
It is electrically controlled by an electro¬ 
magnetic system across the alternator 
output terminals. The pull of this 
system thus varies with the alternator output. The other details of the contactor circuit perform 
subsidiary functions which are explained below. 

Action. —Suppose the supply voltage is switched on. Contacts AD will then be closed. Rg^ 
is in the path through the opposing field, but Rg^ in the parallel path through the assisting field is 
short-circuited. Hence the assisting field predominates, and the corresponding increase in alter¬ 
nator field current quickly raises the output voltage. Wlien it rises above normal, the attraction 
of the electromagnetic system overcomes the pull of the spring, and the contactor arm swings over 
to the position shown in the diagram, breaking contact at A and making it at B. Thus Rgi, is 
short-circuited and Rg^ is brought into circuit. The opposing field is now the stronger, and the 
booster generates an E.M.F. against the supply voltage. 


X 


the dotted rectangle in Fig. 106. 
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The alternator field current falls and the output voltage likewise. The pull of the spring now 
overcomes the attraction of the magnet, the contactor arm swings back to its former position, and 
the sequence of events is repeated. Thus, under working conditions, the contactor arm is con¬ 
tinually and rapidly vibrating and the output voltage is kept approximately constant. 

The booster circuit is unsymmetrical, as one of the parallel paths contains the armature 
resistance and the booster E.M.F. Hence, for correct adjustment of the currents in the two 
field windings, the resistances Rj^ and are not equal. Their most suitable values are found by 
experiment when the design is being arranged. 

253. Cj, C 2 and Rj.—^Whenever contact is broken by the contactor arm rocking, a large 
current is suddenly brought to zero, and, owing to the self-inductance of the circuit, arcing is 
liable to occur at the gaps. To obviate this the condensers Cj and Cj are put in parallel with the 
gaps at A and B respectively. It will be seen that, together with the self-inductances of their 
respective circuits, these condensers constitute oscillatory circuits and may produce undesirable 
oscillatory currents if sparking takes place at the gaps. As Rj^ and R 31 , are in parallel with these 

( 11 ' 

— 2 ]^ "" respectivelyj do 

not provide sufficient damping. A resistance Rg in series in both oscillatory circuits is therefore 
added, large enough to make the condenser discharges non-oscillatory. 

Rj and R 4 are auxiliary resistances, which keep the voltage generated by the booster within 
suitable limits. 

Ri is in series with the booster and contactor circuits, and is chosen of such a value that a 
suitable fraction of the supply voltage is applied across these circuits. 

R 4 is in parallel with the contactor circuit and limits the current changes in the booster field 
windings as Rg^ and Rg^, are short-circuited in turn. If R 4 were itself a short-circuit, alterations in 
the resistance of the contactor circuits would have no effect on the currents in the booster fields, 
while if R 4 were removed such alterations would have their maximum possible effect. R 4 is selected 
so that the actual effect has a suitable intermediate value between these extremes. 

C 3 and Z.—Variations in the speed of the main motor will vary the frequency of the alternator 
voltage, and therefore the current in the magnet fielcj windings. The pull of the magnetic system 
would thus alter with the frequency. To prevent this the windings are “ frequency compensated." 
One winding has an inductive resistance Z in series and the other has a condenser C 3 . Wlien the 
frequency increases the current in the inductive circuit falls, but that in the capacitive circuit rises. 
The reverse occurs when the frequency decreases. The total magnetising current is thus indepen¬ 
dent of frequency changes. 

254. The Rotary Converter.—A rotary converter is a machine with one set of field magnets, 
usually shunt wound and excited with direct current. 

It has only one armature with a uniformly distributed winding (as in DC machines), which 
has connections to a commutator at one end, and, if single phase, tappings to two slip rings at 
the other. In a two-pole machine these tappings are taken at points 180° apart, in a four-pole 
machine 90° apart, in an eight-pole maehine 45° apart, etc. 

Its uses arc :— 

{a) Supplied with D.C. at the commutator end, it runs as a D.C. motor, and A.C. is tapped 
off from the slip rings. This is the Service application. 

(b) Supplied with A.C. at the slip rings, it runs as a motor, and D.C. is obtained from the 
commutator end. This is the common application in commercial work. 

(c) If the armature is revolved by an engine, both A.C. and D.C. may be obtained simul¬ 
taneously. It is then called a “ Double Current Generator." 

255. Action.—Running as a D.C. motor and delivering A.C. 

It is necessary to understand clearly how the back E.M.F. of a motor varies, so we recapitulate 
the statements given in paragraph 238. 

JL 4 
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(Fig. 107) for simplicity, its winding being 

When a motor is running, the arma¬ 
ture conductors have E.M.Fs. induced in 
them (the d 5 mamo action), which by 
Lenz’s Law oppose the E.M.F. applied by 
the mains. 

The siun of the instantaneous E.M.Fs. 
induced in all the inductors under either 
pole is called the “ back E.M.F.” ; this 
is of constant value for a given field 
magnet flux, speed and load. 

The sets of inductors under each pole, 
at any instant, are in parallel with respect 
to the D.C. brushes bearing on the com- 


The “ Gramme ring " type of armature is illustrated 
e^ier to represent than that of a drum armature. 
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mutator (this should be traced out in Fig. 107). 

The back E.M.F. (E) will be a httle less than the applied voltage (V)—say, 98 volts with 100- 
volt mains ; i.e., 98 volts of those applied balance the back E.M.F., and the other two volts supply 
the ohmic drop in the armature resistance. 

Thus the applied voltage V = E -f laR*. 


256. The variations of P.D. between the tapping points A and B (which is the voltage applied 
to the A.C. circuit) as the armature rotates may now be considered. 

Fig. 108 («) is a further simplification of Fig. 107, drawn to assist in the following explanation. 
Only four armature bars are shown, namely, the pair lettered A and B, which are connected through 
the slip rings to the A.C. circuit, and the pair lettered P and Q, which are in connection with the 
D.C. brushes at any instant. 

For the purpose of this elementary treatment of the rotary converter, the IR drop in the 
armature will be neglected ; in most cases it will be very small owing to the low armature resistance. 

Thus we will assume that E = V. 

When A and B are on the neutral line they will obviously have the P.D. of the mains, (V) or 
(E), and maximum current will flow in the A.C. circuit. The maximum A.C. voltage will be 
equal numerically to the D.C. voltage, hence we have R.M.S. A.C. voltage = D.C. volts/VT = 0-707 
X D.C. volts. 

When A and B have moved through an angle 6 from the neutral line, the potential of B with 
respect to P will be 

V - (back E.M.F. in BQ + IR drop in BQ). 

In the diagram, the feathered arrows indicate the Erection of the back E.M.F. Ignoring 
the IR drop, this becomes V — Ebq = E — Ebq. 

Similarly, the potential of A with reference to the same point P will be equal numerically to 
the back E.M.F. in AP ; this may be represented by E^p, which is equal to Ebq. 

Hence, the P.D. between A and B = (E — Ebq) — E^ = E — 2Ebq. This may also be 
written:— 

P.D. between A and B = V — (back E.M.F. from B to Q 4- back E.M.F. from A to P). 

Mathematically it may be shown that the P.D. between A and B is equal to E cos 0. A simple 
vectorial explanation is provided by Fig. 108 (i). 

The back E.M.F. in the two hives of the armature winding may be considered to be the vector 
sum of a number of small E.M.Fs. indicated by the arrows of Fig. 108 (b). When A and B are on 
the neutral line, the P.D. across the A.C. slip rings will be the same as that of the D.C. supply, 
and also equal to the vector sum of the small component E.M.F.s. The figure represents a vector 
polygon and, by well-known mechanical principles, the closing side PQ, which is also the 
diameter of the armature, represents the resultant back E.M.F. The contribution of each small 
component vector towards the total back E.M.F. is represented by its projection upon the diameter 
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When A and B have moved through the angle 6, the vectors still indicate the relative direction 
of the back E.M.F., and we require to know the instantaneous P.D. between A and B. 


o» 
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Fig. 08. 
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From the diagram it is easily deduced that the A.C. voltage between the slip rings is always 
given by— 

V — (back E.M.F. from B to Q back E.M.F. from A to P). 

But the back E.M.F. from B to Q is equal numerically to its projection FQ upon the diameter, 
and the back E.M.F. from A to P is equal numerically to its projection PD. Hence we have the 
geometrical relations— 

Kab = PQ - (FQ H- PD) = DF = AC = E cos 6.(since AB = PQ). 

Hence, E^b = E cos 6. 

Fig. 109 shows E cos 0 plotted, and represents the variations in the P.D. between A and B for 
one revolution. This curve is a cosine curve, which is merely a sine curve moved 90° to the left so 
that the P.D. follows a sine law, tracing out one cycle in each revolution. 

The following points should be specially noted :— 

(1) When A and B are under the D.C. brushes, 6 = 0; therefore E^p = 0, and the 
P.D. = E = V. 


(2) When A and B are centrally under the poles (6 = 90°) E^p will be equal to J E, so 

that E — 2E^ = E cos 90° = 0. 

(3) A, when between 0° and 90°, has a higher potential than B. 

(4) When 6 = 180° and A is under the negative brush, the P.D. = — E = — V, and so 

' on for the next half revolution. 



Fio. 109. 


257. As regards the currents : in the position of 
A and B shown in Fig. 108, the motor current will 
follow the course . . . positive brush, PAQ and PBQ 
in parallel, to the negative brush; the alternating 
current will follow the course . . . positive brush, PA, 
external circuit, BQ, to negative brush. 

Both the motor and the alternating currents are 
supplied by the mains. Thus the p)ortions of the 
winding AP and BQ will carry, at this stage, more 
current than the other portions, causing additional and 
varying field distortion and armature reaction. 

When A has passed beyond the centre of the left 
pole piece it will be negative to B, and the course of 
the alternating current will be :— 
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Positive brush, PB, external circuit, AQ, to negative brush. 

258. Armature Reaction. —^The armature reaction of a rotary converter, as in dynamos and 
motors, has important effects in practice. 

The A.C. circuit may consist of :— 

(1) A pure resistance load ; 

(2) A combined resistance and capacity load ; 

(3) A combined resistance and inductive load ; 

(4) A combined resistance, capacity and inductive load. 

The combined armature reactions are rather complicated to follow, and no attempt will be 
made here to describe them. 

Their effects, in so far as their results affect the practical running of machines, may be 
summarised as follows :— 

(1) A pure resistance load causes a small resultant cross-magnetising field and a slight 

decrease of speed. 

(2) A purely inductive load causes a demagnetising field and consequently an increase of 

speed. 

(3) A pure capacity load causes a magnetising field and consequently a decrease of speed. 

Combinations of these loads give a resulting speed retardation or acceleration, depending on 
which preponderates. 

259. Frequency, Voltage and Current. —The frequency of the alternating current delivered 

. . , , . , R.P.M. , , 

by a rotary converter, as with an alternator, is equal to — X pairs of poles. 

The maximum value of the voltage will be a little less than that of the D.C. mains and can 
never exceed it. 

The “ R.M.S. value ” {see next Chapter) will be a little less than -707 of that of the D.C. 
supply, e.g., in the case of a lOO-voIt D.C. supply, the R.M.S. alternating voltage which will be 
given by a rotary converter is a little less than 70*7 volts. 

The relations between the alternating and direct currents can be found approximately from 
considerations of power. 

If there were no losses in the machine the alternating output would equal the direct current 
input (in watts). Assume, for the sake of argument, a perfectly efficient machine running at 15 
amperes on 100 volts direct. 

The input is 1,500 watts or 1-5 kilowatts. The alternating volts are 70*7 R.M.S., so that 
70*7 X R.M.S. current = output in watts = input = 1,500 watts. 

The alternating current has therefore an R.M.S. value = 21*23 amperes. 

This is greater than the direct current, a result which at first sight appears peculiar. It is 
accounted for by the fact that current is taken from the mains as well as from the rotary converter. 
The excess of output current over input will not be quite so marked as is shown by this example, 
owing to the efficiency of the machine not being 100 per cent., but it is at any rate a factor which 
may have to be taken into accoimt. 

260. With a rotary converter, a normal type starter and a motor field regulator are provided. 

As with a motor, when resistance is inserted in series with the field, the machine speeds up; 
thus the frequency of the alternating voltage will be increased. 

The value of the voltage remains approximately the same, since it depends on the applied 
voltage, and is approximately 65 per cent, of that of the D.C. supply. 
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261. Advantages and Disadvantages of the Rotary Converter. —For W/T purposes, 
rotary converters are used for moderate power and frequency only. 

They are lighter than motor alternators, as they have one armature only, but labour under the 
disadvantages :— 

{a) That they can only give an R.M.S. voltage less than that of the D.C. supply ; 

{by That it is very difficult to make them for high frequencies ; 

(c) That the output is not insulated from the input. 

262. Polyphase Alternating Current Systems. —Up to the present we have only considered 
the production of single phase A.C., but the majority of modern A.C. systems are what is known as 
polyphase (or multi-phase) systems. 

It will be shown later that, with single phase systems, the power absorbed by an A.C. circuit, 
supplied with a sinoidal voltage, continually varies throughout the cycle and is actually negative 
during a part of the time, unless the current and voltage are exactly in phase. This means that if 
this power is supplied by an alternator running at a steady speed the electrical torque will fluctuate 
between a high positive and a lower negative value. If, however, the windings of such an alternator 
are duplicated, triplicated or sextuplicated, this variation of torque can be overcome, and a larger 
ratio of power output to weight can be obtained. The alternator arranged in this way becomes 
equivalent to two, three or six alternating sources, having the peculiarity that there is a fixed and 
definite relation between the time phases of the voltages. 

In a two-phase alternator there are two equal sources and the difference of time phase is 90^ 
(7r/2). In a three-phase one there arc three sources and the difference of time phase is 120^^; for 
a six-phase alternator there will be six separate wave forms spaced 27i/6 apart. 

Three-phase currents are very widely used in the commercial world in the transmission of power 
over long distances, on account of the fact that they require conductors of less total cross section 
for the conveyance of equivalent power than single phase currents. 

In the production of the U.C. power supplies required by the transmitters and receivers of a 
wireless installation, three-phase power rectifiers have the advantage that the requisite smoothing 
circuits are simpler than in the single phase case. (C/. H.5, 16.) 


263. Three-phase Current. —It will be noticed in the diagrams of alternators in Figs. 71 
and 72 that there are portions of the armature which do not carry any winding. 

In a three-phase alternator we fit three separate and distinct windings into the armature, 
spacing them symmetrically round its circumference, i.e., with similar poles 120° apart. 

We thus generate three separate alternating voltages. These three wave forms will not be in 
step with one another, but will rise to their maximum values in succession, as shown in Fig. 110. 
They are said to differ in phase by 120°. 



vdlving field type (paragraph 207). Fig. 111 


An inspection of these curves will show that 
when No. 1 is zero. Nos. 2 and 3 are equal and 
opposite ; when No. 1 is maximum Nos. 2 and 3 
are each of half the amplitude of No. 1, and are 
both of opposite sign to No. 1 ; in fact, that at 
any moment the sum of the three is zero. 

In consequence, as will be explained later, with 
balanced loads (paragraph 265) only three wires 
are required to carry the currents instead of six, 
as might have been expected. 

264. The Three-phase Generator. — 

Three-phase generators are usually of the re- 
a diagrammatic picture of a typical machine. 
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It will be noticed that the poles of the armature are wound alternately right and left-handed, 
and that similarly wound poles are 120° apart. 

The direction of the voltage induced as the field sweeps 
round will depend on the direction in which each pole is 
wound. 

Fig. 111 should be compared with Fig. 72. It shows 
the instant of maximum E.M.F. in 1 ; later on, when the 
rotor poles are opposite 1, the E.M.F. in 1 will be zero. 
Similar reasoning may be applied to 2 and 3, and a zero of 
E.M.F. is always obtained in a stator winding that has a 
rotor pole opposite to it. 

The rotor field must be imagined as spreading out a 
good deal more than would be expected from Fig. Ill, and 
as influencing adjacent poles ; actually, in practice, the 
stator would have more than three pairs of poles, and the 
rotor more than one. 

265. Inter-connection of Polyphase Systems. —Each phase may supply a separate circuit, 
a pair of line wires being required for each. But the number of wires may be reduced, and a 
saving in copper thereby effected if the phases are inter-connected. 

In general, both the armature windings of motors and generators, and the loads joined between 
the wires may be connected up in one of two ways, viz.:— 

(a) The Delta or Mesh connection. 

(b) The Star or Y connection. 

• This implies that there are four forms of inter-connected polyphase circuit, namely 

(i) The Star-Star circuit, involving sources and loads both ‘‘ in Star.'' 

(ii) The Star-Mesh circuit, involving sources in Star and loads ‘‘ in Mesh.'' 

(iii) The Mesh-Star circuit, involving sources in Mesh and loads in Star. 

(iv) The Mesh-Mesh circuit, involving sources and loads both in Mesh. 

For the sources only, these connections are illustrated in Fig. 112, and the subject is treated in 
further detail in Chapter VIII. 

With the phases in Delta connection the maximum 
voltage between any pair of wires is equal to that 
generated in one armature winding. 

With the phases in Star connection the maximum 
voltage between any pair of wires is equal to \/3, or 
1 • 732 times that generated in one armature winding 
(paragraph 433). 

If the current supplied and its phase relative to 
the available voltage are the same in each group of 
circuits, then the load Is said to be balanced, and 
it is under these conditions that the power supplied by the source is uniform throughout the cycle. 

Although conscious effort is always made to balance the loads in polyphase circuits, in the 
general case unbalanced loads form the rule and not the exception. 

266. In order to explain why no return wire is needed with a balanced load three-phase three- 
wire system, Fig. 113 has been inserted. 

The generator windings, and the three 10-ohm resistances joined across them as a load, are 
both star-connected (C/. paragraph 435). 

At the moment illustrated the voltage across No. 1 winding is assumed to be 100 volts positive ; 
at the same moment the voltages across Nos. 2 and 3 windings will be — 50 volts, as can be seen 
from Fig. 110. 

If a fourth wire were joined up as shown dotted, there would be a current of 10 amps, flowing 




star Connection. 


Fig. 112. 



Three-phase Generator, or Synchronous 
Motor. 

Fig. 111. 
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from right to left in it, counterbalanced by the two currents of 5 amps, due to windings 2 and 3 
Consequently no current would flow along the dotted wire, and it may be dispensed with. 

This really means that each wire acts as a common 
return for the other two in turn. (C/. paragraph 433.) 

267. The Rotating Field. —special advantage 
that three-phase currents possess is the fact that they can 
be made to produce a rotating field. 

Just as they are generated by the use of a rotating 
field, so when they are applied to a motor they produce 
a rotating field. 

Consider the effect of the three-phase currents shown 
in Fig. 114, as applied to the field of the Induction Motor shown in Fig. 115 ; remember that a 
positive current through a right-hand pole will produce the same polarity as a negative current 
through a left-hand pole. 

Moment 1. Field of poles 1, 
I' zero ; fields of poles 2, 2' and 
3, 3' equal; resultant midway 
between 2, 2' and 3, 3'. 

Moment 2. Field of poles 

2, 2' maximum ; fields of poles 
1, r and 3, 3' symmetrical on 
either side; resultant across 2,2'. 

Moment 3. Field of poles 

3, 3' zero ; fields of poles 2, 2' 
and 1, 1' equal; resultant mid¬ 
way between 2,‘2' and 1, T. 

Moment 4. Field of 1, T 
maximum ; fields of poles 2, 2' 
and 3, 3' symmetrical on either 
side ; resultant across 1,1'; and 
so on. 

Thus the position of maxi¬ 
mum field strength will rotate at 
the same frequency as that of 
the applied alternating current. 
268. The Induction Motor ; Squirrel-cage Type. —A very simple type of motor is that 
illustrated in Fig. 115. The rotor simply consists of a number of copper inductors joined together 

at each end. 




Fig. 115. 


Action.—The effect of the rotating field will 
be to induce alternating currents in the rotor 
inductors. 

The reaction of the fields produced by these 
currents with the rotating field of the stator will 
cause the rotor to move, and it will speed up 
until it is revolving at nearly the same pace as 
the stator field. 

This is in accordance with Lenz's Law which, 
put colloquially, says that all inductive effects are 
suicidal in tendency. 

The rotor would like to run at exactly the 
same speed as the stator field, but then there 
would no currents induced in it. It therefore runs 
a little more slowly, and “ slip '' is set up. “ Slip 
increases slightly with the load. 
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269. The Induction Motor ; Wound Rotor Type.—The squirrel-cage type is very useful for 
comparatively small loads, but it fails when heavy loads have to be started up from rest. 

For starting against heavy loads a “ Wound Rotor ” type is used. (In England the majority 
of motors of 10 H.P. and over are furnished with wound rotors.) 

In this type the rotor is wound with a three-phase winding, connected to three slip rings. 

The starter used is a group of three resistances connected in star or delta and joined between 
ithe slip rings. 

•j As the machine gathers speed these resistances are cut out till eventually they are out of 
'circuit, the windings are short-circuited on themselves and the brushes are raised. The machine 
3hen behaves in the same manner as the squirrel-cage. 


1 270. The Synchronous Motor.—In cases where an absolutely constant speed is required, 

i^jvithout slip, a *’ Synchronous Motor ” is used. 

I This is very similar in design to the generator shown in Fig. Ill, and the same diagram may be 
|used. 

Its drawback is that it is not self-starting. To start it we must disconnect the three-phase 
supply from its stator, and rotate it mechanically by the use of (say) an induction motor on the 
same shaft, until its rotor field is revolving at the same frequency as that of the three-phase supply.* 

If then the three-phase supply is switched on to the stator, the rotating field of the stator will 
drive the rotor round without any slip. 

If, however, current is switched on without these precautions, a heavy short-circuit current 
flows which may damage the machine. 


271. It may be useful to remember that three-phase generators and synchronous motors with 
stator armatures have two slip rings supplied with D.C.; wound rotor induction motors have three 
slip rings, and squirrel-cage induction motors have no slip rings. 
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ALTERNATING CURRENT. 

272. General Principles.—In the preceding chapter we saw that electric currents are 
generated in two different forms, viz., direct current and alternating current. The former is 
generated by means of a D.C. dynamo, and the latter, for W/T purposes, by means of an (motor) 
alternator or a rotary converter. 

In this chapter we are particularly concerned with the latter—alternating current- its 
measurement, and its behaviour under various conditions. 

Radio and Audio Frequencies.—So far we have been speaking of alternating current as 
being produced by an alternator, and its frequency as depending upon the number of poles of the 
alternator and its speed of revolution. 

Such currents are spoken of as “ audio-frequency ” (A/F) currents. 

In wireless telegraphy, we meet with alternating currents ranging from, say, 10,000 cycles 
per second, up to, say, twenty to thirty million per second, produced by means of valve circuits, 
by methods which will be described later. 


• Synchronous motors are sometimes started by connecting them directly to the mains, the eddy currents 
induced in their field systems and in copper grids fitted in slots in the pole faces being sufficient to run them up 
to speed, as induction motors, on no load. This involves taking a very large current from the mains, and for 
machines of large size, auto-transformers (paragraph 371) are employed-to reduce the voltage applied to the- 
stator windings on starting. 
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Such currents are spoken of as “ radio-frequency ” (R/F) or “ oscillatory ” currents. The i 
division between radio- and audio-frequency currents is not at all sharply defined, and both kinds ; 
obey exactly the same laws, if we assume that they follow, or approximate to the Sine Law. 

In Chapter VII, a method of producing a high frequency oscillation by means of a “spark j 
oscillator ” is described. The high frequency current there described is slightly different in form, 
since it starts at a maximum amplitude and dies away to zero, but it also obeys the laws laid down 
in this chapter. ; 

For our immediate purpose, then, we shall consider that we can obtain currents at any frequency " 
we like, without explaining how they are produced in practice. : 

In diagrams, the source of alternating current will be represented as in Fig. 116 («), which 
indicates “ a source of alternating E.M.F. of any required frequency.’’ i 


273i Measurement of Alternating Current.—In measuring the value of an alternating 
current, it is not convenient to measure its maximum value, i.e., the value it reaches at the top 
of each half cycle of the current curve. 

If an alternating current were passed 
through a D.C. measuring instrument whose 
pointer deflection was proportional to the 
first power of the current flowing, the rapid 
alternations in value would not be followed 
by the pointer of the instrument; it would 
simply register the average value of current, 
which would be zero, as is obvious from the 
shape of the curve which represents the 
variation of an alternating quantity with 
time. The value of any current may, how¬ 
ever, be measured by its heating effect-upon 
a conductor of given resistance, and therefore 
a hot wire ammeter (described in Chapter 
III) is suitable for our purpose. 

The heating effect is independent of the direction in which current is flowing, positive or 
negative, and so, even though the actual value of the current is continuously changing, an 
indication will be given by the instrument of the average heating effect, and hence of the magnitude 




Fig. 11(5. 


of the current. 

We shall deal first of all with a current whose wave form is assumed to be sinoidal, and is 
therefore represented by the formula. 

i — J sin wf. 


In Fig. 116 (6) is drawn a curve showing an alternating current of this type for which J, the 
maximum value in each half-cycle, is 3 amperes. 

The power expended in producing heat by a current of i amperes in a resistance of R ohms is 
mi watts. 

Let the resistance in this case be 1 ohm. 

The instantaneous rate at which heat is produced is given by X 1 watts, i.e., watts. So 
that, if we draw the dotted curve, which represents t* and so rises each half-cycle to a maximum 
value of 9, it will represent the variations in the power expended in watts. 

The total amount of heat produced, or the total energy dissipated, is given by summing 
up the small amounts of energy dissipated at each instant, i.e., by summing the, produ(:ts of the 
instantaneous powers multiplied by the small intervals of time during which they are available. 

This is simply, therefore, the area contained between the dotted curve and the axis, which area 
gives ^e total energy in joules, the axis being an axis of time. 

If now we had been considering the total energy which would be dissipated by a direct current 
qf 3 amps, during the same time t, it would be given by 9/ joules. Graphically,\it would be the 
area enclosed between the horizontal line A'A', where OA' =» 9, and the axis. 
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Hence we have :— 

Energy dissipated by A.C. = Area under the dotted curve. 

Energy dissipated by D.C. of 3 amps. — Area A'A'XX. 

But, by inspection, from the symmetry of the figure 
Area under the dotted curve = j^A'A'XX, 

Therefore, the energy dissipated by the alternating current is half that dissipated by 
a direct current having a magnitude equal to the maximum value of the former. 

The direct current which would give the same heating effect would be such that the rectangle 
AAXX represented the energy dissipated, where AX = = (I 4 ,)*. 

In S 5 rmbols— 

V 9 3 1 

- = X maximum value of the A.C. 

or, I 4 J == ^2 J “ 0*707 

*^^This equivalent direct current, which is equivalent in heating effect to an alternating current 
whose amplitude is J, is known as the effective value, or virtual value, or root mean square 
value of the alternating emrent, and is 0*707 of the maximum value. 

“ Root mean square ” is usually written R.M.S. The name is derived from the fact that it is 
the square root of the average (or mean) value of the squares of aU the different values the current 
can take during a complete cycle. The standard notation is that R.M.S. values are written in 
“ square ’’ capitals, as I, maximum values in “ curly ’’ capitals, as J, and instantaneous values in 
sm^ letters, as i. 

I=:0*707J and J = V2 I = 1 *414 I. 

It is obvious that a sinoidally var)dng quantity is determined in magnitude by either its 
maximum value or its R.M.S. value. 

Alternating voltages are likewise measured by either maximum values or R.M.S. values, 
the relationship between them being as before. 

An A.C. voltmeter measures R.M.S. values only, so that if it reads 200 volts, the voltage is 
rising and falling between zero and a maximum value of 200V2 = 282*8 volts. 

For power calculations, and for finding the sizes of cables necessary to carry currents, we are 
concerned with R.M.S. values of current and voltage-; while for determining the thickness of 
insulation necessary, the strength of a dielectric, or the instant at which a spark gap breaks down, 
we are concerned with maximum values of voltage. 

Remember, that in any calculations where current and voltage are interdependent, if we start 
with a maximum value of voltage the answer will be given as a maximum value of current, and vice 
versa . 

274. R.M.S. Value of an A.C. Superimposed upon a D.C.— ^Thisis a case of some import- 
ance in W/T theory, where the current in the anode circuits of valves is frequently a combination 
of steady and alternating currents. 

Let the D.C. current be represented by I^ and the A.C. current be given by J sin 0 . 

Hence— 

Total instantaneous current = t = Ij + J sin 6 . . 

The power dissipated is proportional to the square of this quantity. 

. *. ■= (Ij -I*. J sin 0)* = Ij* 2 IjJ sin 0 J* sin* 0. 

Over a cmni^lete cycle the second term 2 sin 6 has an average value of aero, and therefore 
contnbutiM nothing towards the heating effect. 
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The first and last terms are the ones producing pwwer dissipation. Fig. 117 is a graph of »• 
plotted against time; essentially it is the same as Fig. 116 {b), the base line of the latter being 
displaced a distance corresponding to I^*, It is a convenient representation of the sum sin* 0 

As in the case of Fig. 116 (b), the area under the curve repre¬ 
sents the energy dissipated. With reference to Fig. 117, the 
direct current which would give the same heating effect 
would be such that the rectangle AAXX represents the energy 
dissipated in a given time, where AX = I^* -f J?*/2 From 
this we get the R.M.S. value. 



In symbols I 




Considering the numerical example i 
R.M.S. value of this current is given by 


4 + 3 sin 2t, the 


I 


= \/16 + ^ = aJ t ^'^2 amps. 


2 “ V 2 

Hence an A.C. ammeter placed in a circuit in which there 
is a direct current of 4 amps, having an A.C. of peak value 
‘ 3 amps, superimposed upon it, would read 4*52 amps. 

^275. Alternating Current Measurement.—^The results of the last paragraph can be 
quicldy and accurately obtained by methods utilising the calculus, and also extended to cases 
where the waveform is not sinoidal. 


(^) 


R.M.S. value of a pure sine-wave alternating current. 

Let the current be i = J sin 

The energy dissipated in a resistance R ohms during a small time dt = i^^Rdi 
= J^R sin^ co/ dt. 

Total energy dissipated in a complete cycle 




__ I« sin* oit dt = 


<J 2 R f~l — cos 2 o>t 

J 2 


dt 


= j*r[^- 


sin 2oit~\* 


4<o 




.. (since cos 2A = 1 — 2sin*A) 


X time of complete cycle. 


{b) 


A direct current of value I would dissipate as much energy in the same time if 
I*R X time of complete cycle = X time of complete cycle. 

J* J 

.• . I*='=^.andI=;^=0-707^. 

Average Value of Current per half-cycle.—^This is sometimes required, and the 
value is 


J sin tot dt J 


-m W 

— COS a>/ ” 

^ _J . ^ 


TT 


7r 


J X - = 0-637J. 


“ Cl) 

(tf) Alternating Current not sinoidal.—Many alternating quantities met with in 
A.C. work are not pure sine waves in form, although repeating themselves at definite 
intervals. By a well-known theorem called Fourier’s Theorem, any such wave 
form can be represented by an equation (taking the alternating quantity as a 
current) of the form — 

*■ = lo + sin (cof -f- sin {2<ot + <!>$)+ etc. 
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The term Iq simply indicates that there is a preponderance of current in one direction, and 
superimposed on this are sinoidal variations of different amplitudes, different periods and different 
phases. 

As we are only considering alternating quantities, it is sufficient to take the terms 
i = sin ^ sin --1" ^ 2 ) "1* etc., 

each of which has an average value of zero over a certain period of time, just as a single sine wave 
has. 

These frequencies are seen to be made up of a frequency multiples of it, twice as much, 

three times as much, etc. 

The frequency ^ is known as the fundamental ” or “ first harmonic frequency, 

2 X as the “ second harmonic,*' 3 X:^ as the third harmonic," and so on. 

Zti Ztz 

The second, fourth, sixth, etc., are known as the even harmonics ” ; the others as the 

odd harmonics,** 

The result of combining a fundamental wave and its second harmonic is shown in Fig. 118 (a), 
and that of combining a fundamental wave and its third harmonic {i.e., an odd one) is given in 
Fig. 118 (i). 



Fig. 118. 


The R.M.S. value of such complicated waveforms can be worked out as in section (a) of this 
paragraph. 

R.M.S. value = square root of the mean value of the square of the current = square root of 
j* [c?i sin (o)t r <^j) -f- c ?2 (2col -f- ^ 2 ) H- 


2n 

Cl) 


which works out to be the square root of 


o ‘ ^ 


• • I = + + = Vv + la* + I, 


_l-^ 


2^2 '2 

where Ij, I,, etc., are the separate R.M.S. values^f the fundamental and the harmonics. 
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{d) The General Case of the R.M.S. Value of an Alternating Current plus a Direct 
Current. 

Let i = a + sin tat. 


Mean value of over 1 cycle 


J:. 


o {a b sin dt 
2tz 


<0 

f- 

o {a^ + 2ab sin co^ -|- b^ sin^ o^t) dt 
2n 

0) t dt 

2tc 



2ab cos co^ 

aH— - 

6) 

hH 

+ '2 “ 

ft* sin 2<at 
4co 



27U 


0) 

12‘kg?' ^ 211 b‘^\ 

ll 2 

ft* 

27Z 

6) (0 2 ) 

1 = 

2 


i 


. • . R.M.S. value 



(C/. paragraph 274). 


276. Vector Representation of Alternating Quantities.—Alternating currents and voltages 
have so far been represented hy sine curves, which show the instantaneous value of the quantity 
with respect to an axis of time. A much simpler method is to represent alternating quantities by 
the use of vectors. 

A vector quantity is one which has magnitude and direction, e.g., velocity, acceleration, force, 
current, etc. 

Any of these may be represented by a straight line whose length represents the magnitude of 
the quantity, and whose direction represents the direction of the quantity at the moment illustrated. 

In the special application of vectors to alternating quantities 
(varying in accordance with a sine law) the length of the line 
represents the maximum value of the quantity, while the line 
may be supposed to rotate in a counter-clockwise direction, the 

projection along a given direction representing the instan¬ 
taneous value. 

For instance, in the figure shown, to represent i ~ J sin co^, 
OA = OP = J. If the line OP rotates in the direction showm 
with angular velocity co radians per second, then the perpendi¬ 
cular PQ, or the projection of the moving line perpendicular to 

OA, represents, the instantaneous value at a given time i.e,, J sin where 

angle POA — co/i. 

Furthermore, the idea of phase difference can be brought out by the ssune method. In 
the figure above, if angle POA = 0, OP cati-bc taken to mean an alternating quantity of the same 
amplitude as OA, but leading it by an angle 0, 

i.e., if OA represents J sin 

OP represents J sin (co^ + 6)* 

Thus, for instance, two alternating currents, which have the same frequency, can be added by using 
the parallelogram law 


J q A 

Fig. 119. 
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If sin {at + is represented by OPj. and J* sin {tat + <f>^ is represent^ by OP„ and 
the parallelogram is completed, then OR represents the vector sum of these quantities in magnitude 
and phase. 

Actually 

OR* = OS* + RS* 

= (Jicos^i -(-Jgcos^,)* + (Jisin^i + Jjsin^j)* 
and 

sin + Ja sin 
Si cos <f>i -I- St cos <f>j 
By trigonometry, the vector sum 
Si sin {at + (f>i) -1- St sin {tat + <f>^ 

= Si sin at cos Si cos at sin <f>i +- sin at cos + St cos at sin 
= sin at {Si cos + St cos <f>^ + cos at (Si sin <f>i f St sin ^ 2 ). 



tan ROA = 


Write 


Si cos ^i + St cos ^2 == X. 
Si sin <f)i + St sin <f>t = Y. 


The above == X sin w/ Y cos at = VX* -|- Y* (sin at 


X 


VX* + Y» 


H- cos at 




\/X» +'Y* 


= VX® + Y* sin (a)< + tan-^; 


. • . The maximum value of the resultant current is VX* + Y* which is the same as the result 

Y 

by vector, and the phase angle is tan“^ again the same. 

It will be found, in the rest of this chapter, that the voltages and currents in alternating current 
circuits are usually not in phase with each other, and vector diagrams are very useful for showing 
their relationships. 


The vectors may be used to represent, not only the maximum values of the alternating 
quantities, but their R.M.S. values, but it must be kept in mind that in the latter case the projections 
along the direction perpendicular to the axis do not represent instantaneous values. Phase 
differences, as before, are shown by angles between the vectors. Angles of lead are measured in 
a counter-clockwise direction; angles of lag in a clockwise direction. 

A very important special case of phase difference is that of “ rate of change ” of a sinoidally 
varying quantity. 

di 

The time rate of change ^ of a quantity i — S sin is J o) cos at, which may be written 

aS sin(^at + ^), and leads by 90° on the quantity i itself. 

di 

Vectorially, of course, the two quantities i and ^ are represented by two lines at right angles 
to each other, the vector representing ^ being in length a times that representing i. 
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RESISTANCE, INDUCTANCE, CAPACITY, AND SERIES COMBINATIONS 
OP THESE IN ALTERNATING CURRENT CIRCUITS. 


277. Resistance in an Alternating Current Circuit. —If between the terminals of an 
alternator giving an alternating voltage of sine form, represented by r = ^ sin <at volts, we join a 
resistance of R ohms, as in Fig. 121 (a), then the current flowing through the circuit (neglecting 

any inductance of the armature winding) will be given by t = ^ amperes. 


* “ R ” 


V 

R 


sin ot. 


If we put J for the maximum value of the current, the current wave form is * = J sin 


The current and voltage rise and fall simultaneously, as illustrated in Fig. 121 (b), and obviously 
they are in phase with each other. The thin curve represents the voltage, drawn to a scale of 
volts, and the thick curve the current, drawn to a scale of amperes. 

Represented vectorially, the two vectors would 
be laid off along the same line. 

278. Effect of Inductance on an Alternating 
Current. —We shall now discuss the effect of 
inductance in an alternating current circuit. 

Let us first recall what we have already learnt 
about the effects of inductance. 

If current is switched on to an inductance, 
the inductance sets up a counter E.M.F. which 
opposes the rise of the current. 

When the crurrent is switched off, the inductance sets up a counter E.M.F. which tends to make 
the current continue flowing. 

The reason for this action is that as the current increases through the coil, a magnetic field 
is set up round it, and work has to be done on the coil in order to create this magnetic field. 

When the current is stopping, the magnetic field ceases to be maintained by the current, and 
the energy that was stored in the magnetic field is restored to the circuit. 

Hence the counter E.M.F. opposes the rise and opposes the fall of a current, alternately 
taking energy and returning it intact to the source, twice in each complete cycle of current. 
The mean expenditfire of energy is zero and the current is described as “ Wattless ” {cf. paragraph 
325). 

The unit of inductance is the Henry, which is the inductance of a coil of such a form that when 
the current through the coil is increasing or decreasing at the rate of one ampere per second, the 
induced E.M.F. is equal to one volt. 

279. Rate of Change. —It follows from the above that what we are concerned with is the 
rate of change, of the current ; when the current is changing most quickly the greatest E.M.F. 
will be induced, and when it is not changing at all, there will be no E.M.F. induced. 

Let us join up a coil (L), which is supposed to have inductance without 
resistance, to a somce of alternating E.M.F., as shown in Fig. 122, and 
assume that an alternating current is flowing through the inductance as 
shown in Fig. 123 («). 

Fig. 123 (a) shows a curve where time is plotted horizontally and 
cmrent strength vertically ; hence, if the current makes a big change in a 
short time, the slope of the curve during that period will be steep. On the 
other hand, if the current makes but little change in a long time, the slope 
will be slight; thus the slope of the current curve is an indication of its 
rate of change. 

From an inspection of Fig. 123 (a), it can be seen that at moments 1.3,5 


^•»ve 
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and 7, the slope is steepest. At moments 2, 4 and 6, the current is not changing at all-—neither 
increasing nor decreasing—and the slope of the curve is zero, as indicated by the dotted line. 

Fig. 123 (6) is a curve giving the rate of change of current 
in amperes per second, drawn to any suitable scale. 

At moment 1, Fig. 123 (a), the current is increasing very rapidly 
in a positive direction. This is indicated at 1 in Fig. 123 (b), which 
shows a maximum rate of change in a positive direction (above the 
axis) at this moment. 

At moment 2, Fig. 123 (a), the current has just stopped increasing 
and is just going to decrease. Exactly on the top of the curve it is 
not changing at all. This is indicated at 2, Fig. 123 (b). i.e., zero 
rate of change. 

At moment 3, Fig. 123 (a), the current is falling very rapidly 
through zero, and rising very rapidly in the other direction. That 
is the current is changing very rapidly in the opposite direction to 
that at moment 1. This is indicated at 3, Fig. 123 (6); and so on. 

Hence Fig. 123 (6) is a curve indicating the rate of change of 
the current shown in Fig. 123 {a). 

280. Induced E.M.F.—Since the E.M.F. induced in any indue- 
ance, through which the current of curve {a) is flowing, depends 
on the rate of change of that current, this E.M.F. will rise and fall 
in time with curve {b), being maximum when curve (6) is maximum, 
and zero when curve (i>) is zero. 

Its direction—positive or negative—can easily be determined by 
remembering that it always opposes the rise and fall of current through 
the inductance. 

In curve (c) the full line curve represents this induced E.M.F. 

At moment 1 it is maximum because the rate of change of the 
current (curve {b)) is maximum, and as the current (curve (a)) is 
trying to rise in a positive direction, the induced E.M.F. is acting in 
a negative direction, trying to prevent it from rising. 

At moment 2 the rate of change of the current is zero, so the 
induced E.M.F. is zero also. 

Between moments 2 and 3 the current wants to fall, so the 
induced E.M.F. acts in the opposite direction to that in which it was 
acting between moments 1 and 2. 

Between moments 3 and 4, the current is trying to rise in a negative direction, fherefore 
the induced E.M.F. acts in a positive direction trying to prevent it from rising ; and so on. 

Hence curve (c) shows the relative strength and direction of the E.M.F. of self induction at 
any instant. 

The shaded areas represent the giving and taking of energy from the source throughout the 
cycle. 



281. Applied E.M.F.—If the induced E.M.F. had its own way, it would prevent the current 
from rising and falling at all. 

In order, therefore, to make the current flow through the inductance, the source of alternating 
current has to apply a voltage which is equal and opposite to the induced E.M.F.; that is to 
say, a voltage which is equal to the induced E.M.F. at any instant, and is acting in a positive 
direction when the induced E.M.F. is acting in a negative direction, is zero when the induced 
E.M.F. is zero, and is maximum negative when the induced E.M.F. is maximum positive. 

The applied voltage from the source of alternating current will then be as shown by the 
dotted curve in Fig. 123 (c). It can be seen at once that this voltage is equal in magnitude 
and opposite in direction to the induced E.M.F. at any instant. 
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In addition, a small voltage will be required from the supply source to overcome the small 
resistance which must be present in the coil. But as the latter has been supposed to be negligible, 
we shall neglect this small additional voltage for the present. 

Fig. 123 {d) shows the combination of curves (a) and (c). That is to say, it shows the voltage 
applied by the alternating source and the resulting alternating current flowing through the 
inductance L. 

From this diagram it can be seen that in a circuit containing nothing but inductance, the 
current and voltage do not rise and fall together, as was shown in Fig. 121 (6), but the current always 
comes to its maximum value a quarter cycle later than the alternating voltage. 

When the current and voltage rise and fall together, as in Fig. 121 (6), they are said to be “ in 
phase/’ 

When they do not rise and fall together, they are said to be “ out of phase.” 

When the alternating current reaches it maximum value after the applied voltage, as in 
Fig. 123 (d), the current is said to lag behind the voltage; in this case the lag is 90°. 

Conversely, when it reaches its maximum before the applied voltage, it is said to be a leading 
current. 

282. An almost parallel example is given by the flow of water into and out of harbour. Let us 
call the level of water in a harbour at half tide the normal or zero value, and the level at lowest 
ebb the maximum negative value. 

At the top of the flood and at lowest ebb the level of water in the harbour is maximum positive 
or maximum negative ; at these moments the flow of water into or out of harbour is zero. 

At half-tide—the moment of normal or zero level of water in the harbour—the ebb or flow 
current is maximum. 

Thus, curves representing these two variables—the current at the mouth of the harbour, and 
the level of water in the harbour—would be a quarter of a cycle out of phase, and just like 
Fig. 123 {d), 

283. Voltage and Current in an Inductive Circuit. —The results obtained in the preceding 
five paragraphs, as regards phase relationship of current and voltage in a purely inductive circuit, 
can be arrived at much more quickly by using a mathematical treatment, and at the same time, 
a formula giving the relationship between current and voltage amplitudes can be found. 

The problem, as before, is to investigate the voltage necessary to send an alternating current 
through an inductance, where self-induction exercises a continuous effect. 

Let the current hei = J sin oit where w = 27zf. 

di 

From Chapter III, the induced E.M.F. is given by — that is — L x rate of change of 

current; the result will be in volts, if L is in henries, i in amperes, and t in seconds. 

di I 7r\ 

In this case — L ^ — wLJ cos = coLJ sin (co/ — -^ )• 

The E.M.F. of self-induction lags, therefore, by or 90°, on the current flowing. 

Now, in the case we are considering, where the resistance is neglected, the applied E.M.F. has 
just to overcome this counter E.M.F. to keep the current flowmg. 

Thus the applied E.M.F. = + coL^ cos o/ = + o>L^ sin 4" 2 j leading by 90° on the 

current flowing. It is itself sinoidal, and has the same frequency as the current. This applied 
E.M.F. has an amplitude a>LJ volts, L being in henries and S in amperes. 

From the other point of view, if a sinoidal voltage whose amplitude is ^ volts is applied to 
an inductive circuit, whose inductance is L henries, at a frequency of / cycles per second, the 
resulting current flowing will be, in amplitude, 

and will lag 90® behind the voltage. 
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Because of the constant relationship between maximum and R.M.S. values for both alternating 
currents and voltages, we may conclude that a similar formula will hold for R.M.S. values. 

Thus a voltage of R.M.S. value V volts, under the same conditions as above, will give a current 
of R.M.S. value I amperes, where 

V = cU_2,/LI,orI -^- 2 ^ 

In phase relationship, the current lags 90° on the voltage. 

In many practical cases, R.M.S. values are of more interest than peak values, but the latter 
are sometimes of importance ; in simple numerical problems, an “ A.C. voltage of 100 volts ” will 
normally mean 100 volts R.M.S., unless otherwise stated. 

284. Inductive Reactance. —^This relationship between voltage and current resembles the 
relationship expressed by Ohm’s Law. The expression “ toL ” takes the place of R and has 
the same effect in determining the value of the current flowing. As, however, the energy 
expended in creating the magnetic field round an inductance is restored when the magnetic field 
collapses, there is no expenditure of energy involved in the introduction of an inductance into a 
circuit, such as there would be were resistance introduced. 

<oL, or 27r/L, is termed “ Inductive Reactance,” and is denoted by the symbol Xi,. 

Resistance dissipates energy in the form of heat. Reactance diminishes current by setting 
up an opposing E.M.F., and therefore controls a source of alternating E.M.F. without waste. 

The unit in which it is measured must be the same as the unit of resistance, the ohm, since it is 
a relationship between voltage and current. In its physical sense it is not, of course, a true ohmic 
resistance, but it is convenient in calculations to give it simply the name “ ohm.” 


^xample 28. 

Find the value of the current flowing through an inductance of 0-5 henry, of negligible resist¬ 
ance, if an alternating voltage of 200 volts is applied at a frequency of 50 cycles per second. 

T V 200 4 

^ “ 27t/L 2 X 3-14 X 50 X 0-5 3-14 

^xample 29. 

Find the value of the current flowing through an indictance of 200 (xH, with an applied voltage 
of 1,000 volts at a frequency of 500,000 cycles per second. 

200 


Xt, = wL 


200 (xH henries. 

200 200 

6-28 X 500,000 X = 6-28 x 5 x 10» x = 628 ohms. 


I = 


Xr 


1,000 , , 

= 1 • 6 amperes. 


285. Vectorial Representation. —^The method of vector representation of alternating 
quantities can be used to show the preceding results with greater simplicity than in Fig. 123. 

In Fig. 124 (a) above, the alternating current 
i — J sin wf is represented simply by a line whose 
length represents J amperes. 

di a * I ^ 
The rate of change of current ^ = wJ sin ( w/ -f 2 

is shown in Fig. 124 (6) by a line of length <a3, leading 
the current by 90°. 

di 

The E.M.F. of self-induction, — L or 
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by a line, length oLJ lagging 90° on the current. 


— ii»L 3 sin (oit -|- ^ or coLj sin -- is repre- 
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The applied voltage, which must be equal and opposite at each instant, i.e. 

+ wLJ sin {ad + 

is shown also in Fig. 124 (c). 

Fig. 124 {d) shows the applied voltage and current flowing in an inductive circuit on one 
diagram, the current lagging 90° on the voltage; more usually, the vectors will be labelled in 
R.M.S. values, I and «0, etc. 

286. Inductances in Series and Parallel {cf, paragraphs 149 and 150). 

(a) Series. 

If two inductances and Lj are joined in series, the total applied voltage necessary to send a 
current J through both inductances will be given by toLjJ + the two separate voltages 

being simply additive, because each leads 90° on the current. 

« (Lj + Lj) J. 

The two inductances in series are therefore equivalent to one inductance L, where L = -f Lj. 
i.e., inductances in series are additive. 


{b) Parallel. 

If two inductances L^and Ljare joined in parallel and an alternating voltage is applied to 
them (Fig. 125), then currents of and St will flow through them respectively, these currents 
both lagging by 90° on the voltage and hence in phase with one another, and adcUtive. 



Fig. 125. 


The total current 




J + Ja - 


(0 \Lj ^ I '• 


The inductances in parallel are therefore equivalent to a single inductance 
L, where 


i = + 

T T • 


1 


, or L = 


LiL, 
Lj -f- Lj 


Hence, inductances in parallel are additive by the reciprocal law, as is the case with resistances. 


287. Resistance and Inductance in Series.—So far, we have only considered two cases :— 

V 

(a) where the circuit contains nothing but resistance. Here = R ■ current and 

voltage are in phase; 

V 

(b) where the circuit contains nothing but inductance. Here J = , and the current 

lags 90° behind the applied voltage. 

Now, although in practice we often get cases where the inductive reactance is so small compared 
with the resistance, or the resistance is so small compared with the inductive reactance, that the 
smaller item can be neglected, yet, as a rule, we have to consider both the inductance and the 
resistance of the circuit. 

In the case shown in Fig. 126 the applied voltage has to do two things:— 

(1) overcome the »R drop in the circuit; 

(2) overcome the counter E.M.F. of the inductance of L henries f — L 
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Fig. 127 (6) shows the conditions under these circumstances 
The thick line curve indicates the rise and fall of the current. 

The voltage forcing the current through the resistance R is 
indicated by the curve v == iR. It is in phase with the current. 

The voltage overcoming the counter E.M.F. of the inductance L 
is indicated by the curve v = wLi, which leads the current by 90®. 
The necessary total voltage from the alternator in order to supply 
these two voltages simultaneously can be found by adding the 
ordinates of the two curves together at every instant, taking account of their directions; the 
result is shown by the curve marked “ Applied voltage.” 

It will be seen that:— 

(a) At moment 1 the iR curve is zero and 
the (oLi curve is maximum, so that 
the applied voltage required = coLJ. 

(b) At moment 2 the t'R curve is maximum 
and the oLt curve is zero, so that 
the applied voltage = JR. 

(c) Between moments 1 and 2 both the tR 
and the coL/ curves are positive. 

(d) Between moments 2 and 3 the coLt curve 
is increasing in a negative direction, 
while the t R curve is decreasing, but 
is still positive ; hence the resultant 

curve is found by subtracting the ordinates of the coLz curve from those of the 
iR curve. 

(e) Between moments 3 and 4 the tR curve and the oLi curve are both negative ; hence 
their ordinates must be added to find the resultant. 

It will be seen by comparing maximum positive values that the current is lagging behind the 
applied voltage by some angle less than 90^. 

288. Value of Applied Voltage. —Instead of the laborious graphical method above, the 
results, trigonometrical and vectorial, of paragraph 276, can be utilised to give the value and phase 
relationship of the applied voltage necessary to send an alternating current J through a resistance 
R and an inductance L in series. Trigonometrically, the necessary voltage is given by 

^ di 

v = ,R + L^ 

. V = JK sin Kot + wLJ sin -f- sin at + ciLJ cos ud 

= J VR* + U sin + tan-i 

(using paragraph 276), and is therefore a voltage which is sinoidal, whose amplitude is 

+ to*L*, and which leads the current by an angle whose tangent is • 

Vectorially, the same result is obtained by considering Fig. 127 {a), which represents the 
*|||ctorial addition of the two vectors JR and <oLJ. 

The vector JR, in phase with and tnerefore drawn in the same direction as the vector repre¬ 
senting the current, is shown by OP. 

The vector wLJ. leading the current by 90° and therefore drawn as shown at right angles to 
the current vector, is shown on the same scale by OS. 
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The summation is carried out by completing the rectangle OPQS and drawing the diagonal 
OQ. OQ is then the vectorial representation of the applied voltage which is equivalent to the 
separate voltages JR and oLJ. Its length is given by 

a/OP 2 + PQ2 = V(JR)2 + (wL J)* = JV R* -h a)®L2. 


This is the amplitude of the voltage required. 

Hence V = JVR^ + or J = 


VR* + to* L*' 


In R.M.S. values, V = IVR^* + w® or I = — 

VR^ + w^L* 

Also from the figure, if ^ = the angle QOP, 

PQ (oLJ wL 
‘“*=OP= JR “TT- 

TT , , . . , , , . Reactance 

Hence the current lags on the voltage by an angle whose tangent is ^ or 


Also (oLJ = ^ sin and JR = ^ cos <t>. 


289. Impedance.—The expression VR* |-(toL)* is called the Impedance of the circuit, 
and is denoted by the letter Z (ohms). It may be defined as the ratio of the maximum value of 
the voltage to the maximum value of the current (irrespective of the fact that these may not occur 
at the same instant). Being a ratio of voltage to current it is measured in ohms, though not 
necessarily a true ohmic resistance {cf. paragraph 284). Ohm’s law for A.C. circuits now appears 
in the forms 

<5^? = JZ and V = IZ. 


Example 30. 

Let an alternating voltage ^ = 100 volts at a frequency of 25 cycles per second be applied to 
a circuit of resistance 1*5 ohms and of inductance -Ol henry. Find (a) the current flowing, and 
(6) the angle of lag :— 

(а) w = 2 t:/ = 2 v: X 25 — 50 tc = 157 radians per sec. 

Reactance = = wL = 157 x -01 = 1 ’57 ohms. 

Resistance =1-5 ohms. 

Impedance Z = VR* + Xi,® = V\'^'+ 1-5V 

= V 2-25 + 2 ^ = VfrT = 2-17 ohms. 

<7 ^00 ^ 

J = ~ 2 rVf ~ ^ amperes. 

(б) Tan^ = |^=\^^ = 1-047. 

From a table of Tangents, <f> is seen to be an angle of 46° 19'. 

So we have a current of 46 amps, lagging 46°, or • 13 of a cycle, behind the E.M.F. of 100 volts. 
Plotting these as vectors and as curves, we get Fig. 128 (a) and (b). 

The voltage drop in the resistance 

= JR = 46 X 1 -5 = 69 volts. 

The voltage balancing the counter E.M.F. of the inductance 
= wLj = 1 -57 X 46 = 72-2 volts. 
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(b) 

Fig. 128. 

to = 27c X 10,000 = 6-28 x 10*. 

300 

Xl = coL = 6-28 X 10* X 
R = 20 ohms. 


It seems impossible for the 100 
applied volts to supply both these 
values, but the 69 volts and the 72*2 
volts are not supplied at the same 
instant owing to the phase difference 
between the resistance and reactance 
voltages. 

Let us take a radio frequency 
example. 

/Example 31. 

Let an alternating P.D., ^ — 
100 volts, at a frequency of 10,000 
cycles per second, be applied to a 
circuit of resistance 20 ohms and 
inductance 300 {xH. Find (a) the 
current flowing, and (i) the angle of 
lag. 


6-28 X 3 — 18-84 ohms. 


Z = V20* + 18-84* = V400 + 355 = V755 = 27-48 ohms. 

J = -^ = 277^ "= amps. 

JR = 3-64 X 20 = 72-8 volts. 

(oLJ = 3-64 x 18-84 = 68-6 volts. 

18-84 


(b) Tan ^ = 


20 


= -942. ^ = 43M5'. 


-01 = 6-28 X 10* = 628 ohms. 


Let us try the effect of applying the radio frequency voltage of Example 31 to the circuit given 
in Example 30. 

4^xample 32. 

As before, — 2n x 10*. 

Xi, = «L = 27t X 10* X 
R = 1 -5 ohms. 

Z = Vl - 5* -f 628* = 628 ohms practically. 

<V _1W_ 

~ Z “ 628 “ 

Tan ^ = ^5 = 418. 


■ 163 amps. 

^ = 89° 52' 


90° practically. 


From this example we may deduce that with a radio frequency voltage applied to a circuit 

f the inductance is large compared with the resistance, the resulting current depends almost 
ly upon the value of the inductance and is practically 90° out of phase with the applied voltage. 

90. Capacity in an Alternating Current Circuit. —^The effect of a condenser joined alone 
in an A.C. circuit is exactly opposite to that of an inductance ; the current leads in phase on the 
voltage, as will now be shown. 
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Suppose an alternating voltage, whose wave form is sinoidal, 
is applied to a condenser C as in Fig. 129. The condenser is supposed 
to be perfect, i.e., there are no losses due to leakage through the dielectric 
or across the surface of the dielectric at the edges, no resistances in the 
leads or plates, and no dielectric absorption. Such conditions cannot 
be achieved in practice, but losses can be allowed for by assuming 
resistances in series and parallel with the capacity, and using the theory 
applicable to such combinations, which is done - present, we 


- are only to consider the theoretically perfect condOQser. 

Fig. 129. In such a condenser the law Q = CV is true; that isi the charge 

on the condenser at any instant in coulombs is given by thfi j^oduct of 
the capacity in farads and the voltage applied to it in volts. With no losses, a chajoige of voltage 
applied to the condenser is instantaneously accompanied by a proportional change in the charge on 
the condenser. Also the voltage across the condenser due to the charge on it is at every instant 
exactly equal and opposite to the applied voltage. This condenser voltage may be called the 
counter E.M.F. of the condenser. 


■^> 1 ^ =S 


COUNTS* E.M.r. APPLISO VOtTAOE. 



Now, under the conditions that hold when an alternating voltage is applied to the condenser, 
i.e., a voltage which is always changing, the consequent changes in charge on the condenser must 
constitute currents flowing into the condenser when the applied voltage is increasing, and currents 
flowing out of the condenser when the voltage is decreasing. It is very important to distingfuish 
clearly between these two things—quantity, or charge on the condenser, measured in coulombs, 
and current, or rate at which this charge is changing, increasing or decreasing, measured in 
coulombs per second, or amperes. 

Fig. 130 (i») shows the 
conditions when an alter¬ 
nating voltage is applied to 
the condenser C as in Fig. 
129. The curve marked 
applied voltage is a sine 
curve. 

As this voltage changes, 
exactly similar changes oc¬ 
cur in the charge of elec¬ 
tricity introduced into the 
, ’ . condenser, and this charge 

is shown by the curve 
Fig. 130. marked q. 

Due to this charge, a 

counter E.M.F. is set up across the condenser, which is exactly equal to the applied voltage at each 
instant. This E.M.F. is indicated by the curve marked Counter E.M.F. It is in antiphase with the 
applied voltage. Between moments 1 and 2 the applied voltage may be said to force an increasing 
charge into the condenser against the counter E.M.F.; between moments 2 and 3, as the applied 
voltage decreases, the counter E.M.F. forces this charge out of the condenser, until at moment 3 the 
charge is zero. 

The same argument holds for the other half of the cycle, during which the condenser is charged 
in the opposite sense 

From the curve of charge q the current flow may be determined. 

At the moment 1, the curve of charge is increasing very rapidly in a positive direction, and the 
rate of flow of electricity, i.e., the current, has a maximum positive value there. 

At the moment 2, the charge is a maximum but is not changing, and at that time, therefore, 
the current is zero ; similarly for other specified points in the cycle. 

The result is, that a curve of current is obtained which is 90° out of phase with either the curve 
of applied voltage or the curve of charge on the condenser, and in this case the current leads on 
the voltage. The vectorial representation is given in Fig. 130 (a). 
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The counter E.M.F. is in antiphase, or 180° out of phase with the applied voltage. 

The current, which is the rate of change of the charge, the latter being in phase with the applied 
voltage, leads on the applied voltage by 

Mathematical Treatment.—The resttjtftjound above as regards phase relationship of current 
an4 voltage in a purely capacitive circuit, can also be deduced by mathematical treatment, and at 
the same time a formula which gives the relationship between the amplitudes of cufient and voltage 
can be obtained- 

Givenjltin. volt age v — sin the charge q on the condenser is given by 

■■6■ ■' 'r ' -v 5 '= Cv = sin of. 


Tha(|tirn»it» 


rate of change of charge = ^ = o>C^ cos to/ 

So that fi^; an applied voltage sin to/, a current flows, which is also sinoidal, with the same 
frequent^ ds the voltage, and leading by 90° on the voltage. The amplitude of the current is 
3 = toC^, or 3 = 2nfC^, 3 being given in amperes, if C is in farads and ^ in volts. This may 
be written 

GiJ _ A _ 

^ ~toC “ 2nfC 

As with inductance, the R.M.S. values of both current and voltage can be substituted for the 
maximum values in the above equation, giving I = toCV, ^ 

If the current is i = 3 sin <o/, the expression for the instantaneous applied voltage is 

3 . / 

^ = Tjr sm < 


(oCV sin ^ 


(0/+-^ 


6)/ 


291. Capacitive Reactance.—^The relationship between current and voltage again resembles 
Ohm’s Law. 

J I 1 

In the expression ^ or V = ^ the term, ^ takes the place of R in Ohm's Law, and 

this term is called Capacitive Reactance. 

It is denoted by the symbol Xc, X being the general term for reactance, inductive or capacitive, 
and the suffixes L or C indicating which. 

The unit in which it is measured must be the same as the unit of resistance, since it expresses 
the ratio of voltage to current and is therefore the ohm. It does not represent a true ohmic 
resistance, but it is convenient in calculations to give it the name “ ohm.” 

The vector diagram given in Fig. 130 (a) can now be completed from the quantitative point of 
view by giving to the vectors concerned their correct values. 

Since, however, we drew the vector diagram for inductance with the current horizontal, 
the figure may be redrawn as below in a similar manner. For this reason, the reactance 1 /wC is 
conventionally regarded as a negative reactance, l(|||||uctive reactance wL being considered positive. 

The applied voltage lags behind the current b^p°, and as regards amplitude is given by-^. 

-► 292. A ^^h^iifSaT'&^lanation of the Variation of the Reactance 

of a Condenaer^^rom the mathematical treatment above it has 
been shov^lhat— 


i 

AmifOVViTACt 


^i^req 


Xo = 


toC 


le '■ reactance ” is inversely proportional to the capacity and to 
Tfrequency. 

Fig. 131, Consider first the variation of supply current with capacity. 

During each half cycle of the alternating supply the voltage across the 
condenser rises to the peak voltage of the supply. The voltage across the condenser is given by 
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charge/capacity, hence the greater the capacity the greater the charge required and therefore the 
greater must be the flow of electrons from the supply during each half cycle. This flow of electrons 
is the supply current and we see that, with constaijt frequency, this increases with increasing 
capacity, i.e., the “ reactance of the condenser dectfeli^es. 

If the frequency of the supply is now varied and the capacity of the condenser maintained 
constant, during each half cycle of the supply voltage the same charge must flow to the condenser. 
As the frequency of the supply is increased the time available for the charge to flo^ is decreased 
and therefore the rate of flow (or the current) is increased. 

Thus the current increases with increasing frequency, i.e., the fe^^iice 

^xample 33. 

Find the current flowing through* a condenser of ‘OSfxF if an alternating ^ = 100 

volts is applied at a frequency of 300,000 cycles per second. 

(0 = 27r/ = 2n X 300,000 = 1 -884 X 10®. 

^ J_ 1 

■ wC 1 -884 X 10« ^ -05 
20 

= 10*61 ohms. 

1 *884 
^ 100 

j = =9*4 amperes. 


293. Condensers in Series and Parallel {cf paragraphs 177 and 178). 

Condensers in Parallel.—If two condensers, Cj and Cg, are joined in parallel, as in Fig. 132 
(a), and an alternating voltage V (using R.M.S. values throughout) is applied to both, currents Ij 
and Ig will flow through and Cg such that 


= caCjV and Ig = caCgV. 

These currents will both lead by 90® on the applied voltage and will therefore be in phase. 
The total current flowing from the supply will be I — o (Cj + Cg) V. 

The same current would flow if the separate condensers 
were replaced by a single condenser with capacity (C^ + Cg), 
t.e., the equivalent capacity of two (or more) condensers in 
parallel is the sum of their separate capacities. 

Condensers in Series.—If two condensers. and 
Cg, are joined in series, as in Fig. 132 (6), the same charging 
current I will flow round the circuit, or ‘‘ through each 
condenser. 

The requisite applied voltage to overcome the counter E.M.Fs. of the condensers will be given 
I I 

by the components being additive because the individual voltages are both lagging 90® 

on the current, and so are in phase. 



,jr 

I 


(!>) 


Fig. 132. 


V = 


I J_2 

(oCi (oCg (0 



The same voltage would be necessary to send a current I round a circuii with a siii^cbndenser 
I 

C if V = -p. 

<oC 


* It is the custom to speak loosely of a current flowing “ through a condenser, when what is meant is a 
current charging a condenser alternately on either side, or a displacement current flowing in the condenser (cf. 
paragraph 41). 

No conduction current actually flows through. 
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Hence the equivalent value of the two capacities in series is C, where 

C Cj + C,- 

So also a number of condensers in series. 

Hence capacities in series have an equivalent value given by the reciprocal law : the reciprocal 
of the equivalent capacity is the sum of the reciprocals of the separate capacities. 

^2 '^8 

' C C 

For two c^p#!^ only C *= ^ 

Note li^^ithe jutes for finding the equivalent value of capacities in series and parallel are 
exactly the opposite of those in the case of resistances or inductances. 


For two cIlliKiiiftes only C ^ 


294. Resistance and Capacity in Series.—The question of finding the voltage necessary 
to send an alternating current J, or I, using the R.M.S. notation, round a circuit containing 
resistance and capacity in series, can be tackled by the graphical methods of paragraph 287, or 
by the shorter and more accurate methods, trigonometrical and vectorial, of paragraph 288. 

It is difficult to deduce accurate generalised results from the graphical 
/I/VWIM A method, and so attention will be confined to the other methods. 

^ From previous results, the total voltage necessary to maintain an alter- 

S Sc nating current * — J sin w/ in the circuit above, with resistance R and 

capacity C, will be given by 

V — JR sin tof 4- ^ sin (^wt —• ^) =* «5R ^ 

1 


= J (R sin <of 


i cos J) ~J 


rsin co^ 


cos (i>t 


= J /\J R* + -^sin (cof - ^), where tan ^ == . 

The required voltage is therefore sinoidal, with an amplitude of J a/ r* —L_^ i^gg 

' ^ to*C* ° 

behind the current by an angle whose tangent is . 

Vectorially, the same result is obtained by considering Fig. 134, which represents the vectorial 

addition of the two vectors, JR and 

The vector JR in phase with the cmrent vector J and drawn 
along the same direction, is shown by OS. 

A ,S 4 J 

— *■' The vector ^ representing the voltage necessary to maintain 

the current through the capacity, and therefore lagging 90° on the 
current, is shown by OP. 

The applied voltage is found by completing the rectangle OPQS 
and drawing the diagonal 00. 

OQ* = OP* + OS* 

p Q Thus the amplitude of the voltage required is given by 


Q 

Fig. 134. 




o)*C*‘ 
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VR- H 

A corresponding result holds for R.M.S. values. 

Again, from the figure, if <^ = angle SOQ, 

^ , SQ_OP 1 

tan ^ - Qs os ~ o>CR’ 

Hence the current leads the voltage by an angle whose tangent 

__ <oC __ Reactance . 

_ R Resistance 

The expression ^ R* -f is called the impedance of the circuit and is denoted by the 


(^tr 

VO 


letter Z. It is measured in ohms. 

As in paragraph 289, it may be defined as the ratio of the maximum 
value of voltage to the maximum value of current. 


WvWVW 295. Circuits containing Inductance, Capacity and Resistance in 

R Series. —We now come to the most important problem of all, and one with 

Fig. 135. which we are frequently concerned in wireless telegraphy—namely, the case 

of a circuit containing inductance, capacity and resistance in series 

(as in Fig. 135). 

In this case the alternator has three duties to perform ; it has to supply :— 

(a) A voltage (= IR) to drive the current through the resistance R. 

(i) A voltage Ej (= wLI) to overcome the counter E.M.F. of the inductance L. 


(c) A voltage Eg (^ = —^ j to overcome the counter E.M.F. of the condenser C. 

Let us draw a vector diagram of these three voltages, taking due account of their relative 
phases (Fig. 136). 

The vector E^ (= IR) is in phase with the current; 

the vector Ej (= o>LI) is 90° in advance of the current; and 

the vector Eg current. 

As Eg and Eg are exactly opposite in 
,, phase, we can obtain their resultant by sub¬ 

tracting the smaller from the greater (in the 

»' ___ I case illustrated by subtracting Eg from Eg). 

^2 1 Ej-Ejf The problem then becomes the much 

! simpler one of finding the resultant of two 
T" ^ ^ vectors— 


p- _ 

E| cuhrcntunc 




Ej = IR, and (Eg — Eg) = ( wLI-p 


Fig. 136. 


= I wL 


This is obtained as shown in Fig. 136 (6), the resultant applied voltage (V) obviously being 
such that— 

V3 = Eg» -f (Eg - E,)» = P R* -f- P (uiL - ^ 
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Therefore 


V 


= I V 


R* 


1 \* 


v 


R* + wL - 


1 \* ■ 


6)C 


This is the law for A.C. circuits containing inductance, capacity and resistance in series. 

The expression ^ R* + /toL-is termed the impedance of the circuit and is denoted 


\ “C 

by the S 3 nnbol Z (ohms). 

The ta^nt of the angle (<^) of lag or lead is such that 


tan <ft = 


IR 


— Xc Reactance 


R 


Resistance 


As the tendency for the current to lag depends on the value of the counter E.M.F. of the 
inductance (coLI volts), and the tendency for the current to lead depends on the counter E.M.F. 

of the condenser voltsj, it can be seen that if <oLI is greater than ^ ^or coL is greater than 

the resultant current will lag behind the applied E.M.F.; if the positive inductive reactance 

IS less than the negative capacitive reactance, the current leads the applied E.M.F. 

The fact that the counter E.M.Fs. of the inductance and capacity partially cancel one another 
means that the counter E.M.F. of the inductance helps to charge up the condenser, and the counter 
E.M.F. of the condenser helps to create the magnetic field round the inductance by the current it 
produces; the assistance of the applied voltage is only required to balance the difference between 
these two counter E.M.Fs. 

A voltmeter, if joined across the inductance, would read coLI volts, and if joined across the 
condenser would read volts, but if joined across the two would read the difference between the 

toLI--4 

(i)L 


) volts. 


two voltages, i.e.. 


(Example 34. 

alternating voltage of 50 volts at a frequency of 158,000 cycles per second is applied to a 
circuit consisting of an inductance of 1,000 pH, a condenser of ‘OOIpF, and a resistance of 10 ohms. 
Find {a) the current flowing; 

(6) the phase angle of lag or lead ; 

(c) the P.D. across the inductance ; 

(i) the P.D. across the condenser. 

{a) <0 = 271 X 158,000 == 9-92742 x 10«. 


1 AfV) 

Xi, = coL = 9-92742 x 10» x ^ = 992-742 ohms. 

1 1 ,. 10 * __ 

<aC~ 9-92742 X 10* ^ “ ^007-311 ohms. 

Xo — Xi, = 1007-311 — 992-742 = 14-569 ohms. 

Z = VR* + (Xo - Xl)» = VlO* + 14-569* = V312-25 - - - = 17-671 ohms. 
V 50 

^ “ Z “ 177671 “ 2-8295^amperes. 




14-56 9 _ 
10 ~ 


1-4569. 




55- 30-. 
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Since Xq is greater than Xi,, <f> will be an angle of lead, 
(c) <i)LI !=» XlI = 992*742 X 2*8295 = 2808*96 volts. 

(<0 = Xol = 1007*311 X 2*8295 = 2850*19 volts. 


296. Resonance. —A question that naturally arises is whether we can arrange matters so that 
the counter E.M.F. of the inductance exactly balances the counter E.M.F. of the condenser. 

This condition is attained if we arrange that— 


toLI = 


I 

<oC' 


By dividing both sides of this equation by I we obtain 

1 . I 


<i)L = — 7 ^, or w® ^ 
o)L 

1 


LC’ 


or 2nf ■■ 


I 




Vlc’ 

L is measured in henries. 
C is measured in farads. 


This equation is frequently used in wireless telegraphy. 

If we arrange to satisfy it, either by altering the applied frequency so that it is equal to 


_j_ 

2WlC’ 

1 

271 ^ 1.0 


or by altering the value of the inductance or the capacity of the circuit so that the expression 
is equal to the applied frequency f, then the counter E.M.Fs. of inductance and capacity 


cancel out,” and none of the applied voltage is required to make good their difference. 
That is to say, since wL = , the expression 

V 


I = 


a/i 


Ra+ wL- 


ciiC 


V V 

becomes I = and, so far as the applied voltage is concerned, the circuit behaves as 

Vr* r 


if it comprised resistance only. 

The current neither lags nor leads, but is in phase with the applied voltage, because 

V _ "V Q 

tan <f> = ^ ~ ^ therefore ^ = 0®. 


The condition described above is known as “ Electrical Resonance,” and the frequency that 
satisfies the equation is known as the “ Resonant Frequency.” 

In series circuits, the definition of resonance is that it is the condition under which, for a given 
applied voltage, the maximum current flows in the circuit; and of Resonant Frequency is, that it 
is the frequency at which a given applied alternating voltage will give a maximum value of current. 

At such a frequency the impedance equals the resistance and has a minimum value, and the 
reactance is zero. 

Physically, when the current is a maximum all of the energy (^LP) is instantaneously in the 
inductive field; later, when the current is instantaneously zero, all of the energy (iCV®) is in the 
condenser. If there were no damping resistance, there would be a continual transfer of energy 
without loss, and we would have 

iLP = iCV». Now V = ^ 





_L, as before 

~ LC 
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297. Acceptor Circuit. —A circuit comprising inductance and capacity in series, which is in 
resonance with the frequency applied to it, is said to be an “ Acceptor Circuit for that 
frequency. 

All circuits of the same LC value are obviously acceptor circuits for the same frequency. 

For example, if in a certain circuit we double the inductance and halve the capacity the 
counter E.M.Fs. of each will be doubled, and they will still “ cancel out/* 


298. In W/T we are generally working in units of microhenries and microfarads, and not of 
henries and farads ; the formula lor the resonant frequency can be converted as follows for use in 
these units :— 


1 


2WLC 


2tc 


V 


L C. 
10« ^“lOe 


2kViT: 


/L in henries. 
\C in farads. 

10 « 


2WLC 


" L in (xH. 

C in (i.F. 

_/ in cycles per second. 


10« 

and cu = 

V^LC 


i^xample 35. 

(i) Find the correct resonant frequency for the circuit given in Example 34. 

(ii) If an alternating voltage V = 50 volts at this frequency be applied to the circuit, find the 
answer to (a), (b), (c) and (d) as before. 

10« l(^ 


(i) f = 10“ ^ ___ 

2kVlC 2.iV'r()00‘x -001 


_T—- - = 159,200 cycles per second. 


(ii) (a) <i) = 2nf : 


10® 

2r. X A- ---= 10® 
2t: 


X. - wL - 10® X 


,000 


10® 


1,000 ohms. 


Xo 


coC 


10® 


Xt,-Xn = 0. I 


10® X -001 
\ 


— 1,000 ohms. 
50 


R j-Q = 5 amperes. 


(ft) tan ^ = 0. Hence <f> = 0°. 

K 10 

(c) toLI = Xi,I = 1,000 X 5 = 5,000 volts. 


(^) = Xel 


1,000 X 5 = 5,000 volts. 


Notice particularly that the voltages across the inductance and capacity are very much greater 
than the applied voltage 

This occurs when the reactance of the inductance or of the capacity is great compared with the 
resistance of the circuit; advantage is continually taken of this fact in W/T circuits. 

Example 36. 

Find how much inductance is required in series with a condenser of •002(tFcapacity to make 
the circuit an acceptor for a frequency of 500 kilocycles per second. 
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398-80V^ 


/ = 


10 « 

2WLC 


(L in (xH, C in (xF.) 


500 X 103 =- 

27tVLx -002 

W^OO^ = 1 . 

•002 L= -i 

7c3. 


^ ~ -002713 


500 

9-870 


= 50-66 txH. 


299. Resonance in Daily Life. — flie fact that very big voltage.? build up across the inductance 
and capacity of a circuit if, and only if, it is tuned to be in resonance, or nearly so, with the 
frequency of the current applied to it, is continually made use of in W/T. In fact, W/T would 
be quite impossible if the phenomenon of resonance did not exist. 

Resonance may be defined as the transference of energy from one system to another in a series 
of periodic impulses or waves timed exactly to coincide with the natural rate of vibration of the 
second system (but see paragraph 391). 

Numerous cases of this phenomenon occur in daily life. Watch, for instance, one child swinging 
another in a swing ; how carefully it gives each little p!^ exactly as the swing has reached its 
limit and begins to go forw'ard, and how the energy of ealfc push is added to that of the moving 
swing so that very soon it would knock over a man who stifced in its way. 

Walk across a room carrying a cup of tea, and note howuickly it slops over if your step is in 
time with its natural swing, and how, by walking with shoff irregular steps, it is much easier to 
avoid spilling it. m 

A good demonstration of resonance can also be given \«th a sponge in a bath. Just swing it 
to and fro in time with the wave it produces, and in a verf few moments you will find the water 
is also swinging from end to end of the bath with rapidl)^ increasing energy ; here also you will 
find that exact timing of the impulses is the sole condition of success. 


300. Currents at Resonance and Non-resonance.— In any circuit containing R, L and C 
in series, the current is given by the quotient of the applied voltage by the impedance. 

V 

At resonance, as we saw above, the impedance consists of resistance only, and I = 

If, however, the frequency of the applied voltage is increased above or decreased below the 
resonant frequency, the equality of wL and ^ does not hold, and the impedance increases, reducing 
the current flowing. 

Various results follow from these statements :— 

(1) Phasing. —If the frequency is increased above the resonant frequency, wL becomes 
greater and ^ becomes smaller, and the resultant reactance will be inductive, so that the current 
will lag behind the applied voltage. 

Conversely, if the frequency is decreased below the resonant frequency, toL becomes smaller 
and greater, so that the resultant reactance is capacitive, and the current will lead on the 
applied voltage. 

(2) Effect of amount of departure from resonance.—The more the frequency of the applied 
voltage differs from the resonant value, the greater will be the value of the expression fwL ~ 
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which is the resultant reactance, and hence the greater will be the impedance, and the less the 
current. , 

Take the case of an increase of frequency above the resonant frequency. The greater the 

divergence from resonance, the greater «L becomes, and the less ^ becomes, hence the greater is 

their difference. 

For a decrease below resonant frequency, the greater the divergence from resonance, the greater 
^ becomes and the less toL becomes, hence the greater is their difference. 

(3) Effect of the proportion of inductance to capacity.—If the LC value and the resistance 


R of a circuit are kept constant, but the ratio ^ is altered, the current at resonance is constant, but 
the current at non-resonance is decreased as this ratio increa ses. 

In the expression for impedance Ra -f -^ j*, for a given w, which does not corre¬ 

spond to resonance, an increase in the ratio ^ means that oL and ^ are both increased. 

If L is increased n times, « being greater than 1, C must be divided by n to keep the product 
LC the same. 


wL then becomes n X toL, and ^ then becomes 


1 

to X C 


n 

toC’ 


M 

both results for the different reactances having n times their previous value. 

Hence the difference between them is n times what it was before, the impedance is increased, 
the current is less, and the “ tuning ” is “ stiffer ’’ or “ sharper.” 


(4) Effect of resistance.—As the resistance R of the circuit is increased, the current at the 

resonant frequency is decreased. This effect is independent of the ratio of inductance to 

capacity in the circuit, except in so far as alteration of this ratio also alters the resistance. 

The ratio of the current at non-resonant frequencies to the current at resonance is also affected 
by the resistance. In a circuit of constant L/C ratio, the current at non-resonant frequencies is 
increased relatively to the current at resonance when the resistance is increased. The ratio of the 
current at resonance to the current for a value of co corresponding to a non-resonant frequency is 
given by 



For given values of w, L and C this expression decreases as 
becomes “ flatter.” 

These points will be illustrated by examples. 


R is increased, i.t., the tuning 


Example 37. 

(a) In a series circuit consisting of an inductance of QftH, a capacity of 'OlfiF and a resistance 
of 10 ohms, let an R.M.S. voltage of 100 volts be applied. 

Find the R.M.S. current 

(1) if the frequency of the applied voltage is the resonant frequency ; 

(2) if it is 90 per cent, of the resonant frequency; 

(3) if it is 70 per cent, of the resonant frequency. 

(b) Find the same three values of current if the resistance of the circuit remains 10 ohms, 
while the inductance is increased to ISpH and the capacity reduced to >005|iF (same LC value 
OB 0*09 as b^ore). 
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(c) Find the same three values of current when the inductance is 18(iH, the capacity is, 
and the resistance is increased to 20 ohms. 

10 * 

(a) The resonant frequency is / such that 2nf — <o = 


(i> 


10 * 


JO* 

0-3 


V 100 

(1) At resonance, current i = g ~ amperes. 

Xl and Xo are equal and cancel out, their value being 

10* 9 

coL = X ^ = 30 ohms. 

(2) In this case co' = 90 per cent, of the resonant w 

= 3 X 10* 

Xl = w'L = 3 X 10* X -i?r« = 27 ohms. 


10 * 


1 


10 * 


w'C~ 3 X 10* X -01 
Xc — Xl = ohms. 


100 


-g- = 33^ ohms. 


Z = VR* + (Xo — Xl)* = VlOO + (6i)* = \/l40-11 = 11 -83 ohms. 

100 


.•. Current I 


11-83 


= 8-45 amperes. 


It will be noticed, as mentioned in paragraph 300 (1), that with the frequency decreased below 
resonance the capacitive reactance Xc is greater than the inductive reactance Xl and so the 
current leads on the voltage. 

(3) In this case w' = 70 per cent, of the resonant <o 
70 10 * _ 7 

“ 100 ^0-3 3 ^ 


Xt. == w'L ^ 


7 9 

2 X 10* X = 21 ohms. 


3 X 10* 


o)'C“ 7 X 10* X -01 
Xc-Xi, = 21-86 ohms. 


= 42-86 ohms. 


Z = VlO* + (21 -86)* = ^577-9 = 24-04 ohms. 

100 


Current I = 


24-04 


= 4-16 amperes. 


This shows that the current is cut down more, the further from resonance is the frequency of 
the applied voltage (paragraph 300 (2)). 

6)—(1) At resonance, with the same LC value and the same R, the current is still 10 

amperes. 

(2) With w' = 3 X 10*, Xl = w'L = 3 X 10* X -j^ = 54 ohms- 
1 10 * 

Xo = 


Xc 


«'C“3 X 10*X-005 
Xj, = 12*67 ohms. 


= 66*67 ohms. 


Z = VlOO + (12*67)* = V260*4 = 16* 14 ohms. 


F 4 
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Current I = 


100 

16-14 


= 6-2 amperes. 


less than the value in case (a) (2) above, justifying the result of paiagraph 300 (3), that 
tiMrCtttlNint at non-resonance is decreased as the ratio L/C increases. 

7 7 18 

(3) With «' = 3 X 10«, Xl = w'L x 10® x 

^,1 3 X 10 ® 

Xc 


42 ohms. 

= 85 • 71 ohms. 


<o'C 7 X 10* X -005 
Xc-Xi, = 43-71 ohms. 

Z = VR* -f- (Xc - Xl)® -- VlOO + (43-71)® = V26\T = 44-84 ohms. 

I = = 2-33 amperes, again less than the corresponding result in (a) (3). 

44* o4 

(c) —(1) At resonance, ^ ~ = 7^ ~ ® amperes. 


(2) With w' = 3 X 10«, Xo - Xi, = 12-67 ohms, as in {b) (2). 

Z = ^20® + 12^ = \/560-4 = 23-67 ohms. 

I = 237^ — amperes. 

(3) With «' = ^ X 10*, Xo - Xi, = 43-71 ohms, as in (b) (3). 

Z = = V2m = 48-07 ohms. 

I = 4 ^ 7 = 2-08 amperes. 

It will be seen that in each of these cases the current is exactly half of the corresponding current 
in {a). In other words, the ratio of resonant to non-resonant cunent for the same departure from 
resonance, which was increased by doubling the L/C ratio, has been restored by doubling the 
resistance, 

301. Resonance Curves and Selectivity.—The currents flowing when an E.M.F. of constant 
amplitude is applied to a circuit consisting of inductance, capacity and resistance in series, at the 

resonant frequency, and at various percentage frequency 
departures from resonance, may be graphed against percentage 
frequency above and below resonance. The resulting curve 
is known as the resonance or response curve of the circuit. 

In Fig. 137 are shown tjiree very flat resonance curves 
for circuits of the same resistance and LC value, buLwith 
different ratios of inductance to capacity ; the results of 
Example 37 (a) and (6) correspond to points on two of these 
cun^cs. 

Each curve has a peak value at the resonant frequency 
and the greater the ratio of inductance to capacity, the 
more sharply does the curve fall on either side of the peak. 
The curves are not symmetrical about the resonant frequency, 
and fall more sharply in the direction of decreasing frequency. 

Resonance curves for circuits of the same LC value 
and L/C ratio, but of varying resistance, are shown in 
Fig. 138. 

In this case the current at resonance varies inversely 
as the resistance, and so a better basis of comparison is 
obtained by plotting the percentage of the resonant current 
flowing at various percentage departures from the resonant 



% S«low R«tonanc« % Abovt R«ionance 
Frequency 

R. CONSTANT, l/C VARYING 

Fio. 137. 
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frequency. The curves are similar to those of Fig. 137 ; the smsdler the resistance the sharper is 
the resonance peak. Thus decreasing the resistance has the same effect as increasing the L/C 

ratio. 

In practice the coil constituting the inductance in a 
series resonant circuit must possess some resistance, so that 
it is not possible to alter the L/C ratio without at the same 
time altering the resistance. It is therefore important to 
consider the effects of ioint variation of L/C ratio and 
resistance on the relation between the currents at the 
resonant and other frequencies. The effect at a given 
percentage departiure from the resonant frequency may be 
obtained as follows .— 

Let oio correspond to the resonant frequency, Oi to the 
non-resonant frequency, and a to the fractional deviation 
of the frequency from resonance, such that (Oj = a>o (1 + “)• 
The value of a is positive or negative according as the 
50 40 30 20 10 0 10 20 30 40 50 actual frequency is greater or less than the resonant one ; 
% B«tow Resonance therefore varies from zero to ± 1. 

L/C. constant'^^varVing r. The impedance at resonance is given by Zq = R^. The 

Fig. 138. impedance at the frequency (^J2k is 



50 40 30 20 10 0 10 20 30 40 5 

% B«tow Resonance % Above Resonance 
Frequency 

l/c. constant varying R. 

Fig. 138. 


Zi = Ri* + (co.L - R,* + (l 

= \/ Ri* f (1 + a)2(l - -¥(i ^_a)2Lc) 


_i_y 


Now G)o^ == 

7,.= \/iv + e(' +«)'(i-(rT:^-.)’ 

^ (1 +a)' 

Current at non-resonant frequency Ii Zq 


Current at resonant frequency 

. Li_1_ 

' ' \/^ a. i 

Ro* + CRo^ (1 + a)* 


lo 


a/ Ri* 


L a* (2 + a)* 

C (1 + a)* 


L . Wi 

If is constant, the R/F resistance varies with frequency and = — = 1 + a, 
CK.* ”*^0 ^0 

I, 1 


. Li_ 

■ ■ V 


n I I (2 H- g)^ 

(1 + «) + (1 ^ a)* 


Hence, for a give^ departure from resonance, the current at the non-resonant frequency becomes 
a smaller proportion of the resonant current as L/CR* is increased. 

It can easily be seen from this result, and was shown for a particular case in Example 37, that 
with any given LC value, if the resistance of an inductive coil increases proportionately to its 
inductance, the value of L/CR* is unaltered ; if the resistance increases more slowly than the induct¬ 
ance, L/CR* is increased, and if the resistance increases faster than the inductsttice, L/CR* is 
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diminished. It is usually the case in practice, that the ratio of the inductance to resistance in a 
coil increases as the inductance is increased, and so L/CR^ is increased by increasing the L/C ratio. 
Care must, however, be exercised in applying this result in practical W/T circuits where resistances 
other than that of the coil itself will normally be present. 


The square root of L/CR^ 


1 aA 

, viz.,^ V 7 ; 


is taken as a criterion of the selectivity (Section D.40) of 


a series resonant circuit, i.e,, its response at frequencies away from resonance compared with its 
response at the resonant frequency. 

It will be seen later (paragraph 397) that ^ ^is in inverse proportion to the expression derived 

for the logarithmic decrement of an oscillatory circuit, in which a free oscillation has been set up. 

The characteristics of a series resonant circuit may be summed up as follows :— 

(а) At the resonant frequency, the current is a maximum, is independent of the inductance 

and capacity, and depends solely on the resistance of the circuit. 

( б ) At any other frequency, the current depends on all three quantities, and is smaller 

the further the given frequency departs from resonance. 

(c) Below the resonant frequency, the net reactance of the circuit is capacitive, and the 

curnsnt leads the voltage; above the resonant frequency, the net reactance is 
inductive and the current lags on the voltage. 

(d) For any given LC value, the ratio of the resonant current to the current at a given 

percentage departure from resonance depends on the value of The greater 

this value becomes, the sharper is the peak of the resonance curve. 

302. “ 0 ” and Selectivity.—We have— 

Selectivity a ^ \/\ =1^ . ^since co^ = 

The fraction wL/R, usually represented by the symbol Q, has become the popular criterion of 
selectivity {cf. D.40). Its value gives a much more comprehensive idea of selectivity in particular 
cases than any treatment involving a separate consideration of the effects of R, or the L/C ratio. 

Q is the reciprocal of the “ power factor ” of the coil, and typical values {cf. Figs. 137 and 138) 
vary from (say) 1 to 700, more common values in receiving circuits ranging from about 100 to 
(say) 300 at the higher frequencies. The value tends to remain constant for the same coil over a 
wide range of frequencies, since the R/F resistance R is almost proportional to the frequency. 

In any LCR circuit, with an applied voltage E, the current I at resonance is given by E/R, 
and we have 

o>LE 

Ec = Ei, = a)LI = = EQ 

(neglecting the resistance of the inductance L). 

The resonant rise of voltage across the inductance or condenser is thus approximately Q times 
the applied voltage. 

In terms of Q, equation ( 1 ) of paragraph 301 now appears as 

Ii_!_ 

V 0+*)• + 

Over a limited range of frequencies near resonance, it may be assumed that Q is constant. 
If a is expressed in terms Of 1/Q certain useful simplifications are possible when Q is normally big. 
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8 ^ 


Thus, if a — 1 /Q, it and its squares are small in comparison with unity and may be neglected. 
That gives 


Ii ^ 1_1_1_ 

lo ■ Vr+4 ~ V5~ 2-24 


Similarly, if a = ^ 


or Ij 45 per cent, of Iq, 


_1_1_1_ 

lo'^VrT'l ~ V2~ 1-414 


or = 70 per cent, of Iq. 


For example, with a “ Q of 200, at 6,000 kc/s., the current would be reduced to 70 per cent, 
of its resonant value at 1 /400 x 6,000, i.e., 15 kc/s. off resonance, and to 45 per cent, of the value 
at 30 kc/s. away. 

These useful approximate rules are independent of the frequency and enable the sharpness of 
resonance quickly to be estimated. 

Conversely, an estimate of the value of Q for a single circuit can be obtained from its resonance 
curve, by measuring the frequency departure from resonance necessary to give a “ drop in 
response of 30 per cent., i.e., 3 db. down '' (Appendix A). 

Selectivity can only be fully expressed by complete resonance curves. 

In the laboratory, the overall selectivity of a receiver is usually measured not by finding how 
much the overall response drops as the frequency moves away from resonance, but by measuring 
the magnitude of the input necessary to give the same output in all cases {cf. N.64). 

In the case of a service W/T receiver of the superheterodyne type, certain tests showed that 
signals on the 150-1,500 kc/s. band were 1 signal strength down on the “ R " scale at about 1*1 
kc/s. from resonance. The signal input had to be increased 6 dbs., roughly twice as strong, ia 
order to give the same audio output. This represents a high degree of ‘‘ adjacent channel 
selectivity (F.49), signals being about 30 per cent, down at 0-5 kc/s. from resonance. 


303. Acceptor Circuits in Series.—It is often desirable to join two or more acceptor circuits 
in' series. 

The tuning of the whole circuit is net altered, but the ratio L/C is increased. _ 

Suppose two circuits L^Ci and LgCg are joined in series, and that each is tuned to the same 
LC value, i.e, that — LgCg. 

If Li C, = La Ca, then and La = • 

'^1 ^2 


Hence 


L, + La f = L, C, (/- + since L, C, = La C 


. 

The LC value of the two inductances and the two capacities in series will be :— 




which equals L. C. (^|) (^1^. 


.from («) 


— L, Cj — L, Cj. 

'Hence the LC value of the whole circuit is equal to that of either of the two combinations. 
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The selectivity of the combination depends upon the " Q ” of each circuit, and it can be shown 
what the net value of Q is greater than the lesser of Oi and 0* and less than the greater. 
|We have 

6-- 


= Q2 


i<l -f 1^2 


Let ^ = ki = ^ 2 > where and are constants 


Ro 


0*220.4 


If > ki, let ^2 = where n is greater than 1. 

5^^ Lj L 2 ^1^1 + ^ 2^2 ~t~ wftiR2 

^ Ri-i-R2“ “R1 + R2 “ R1+R2 

i - R, 4 R 2 ^ ^ 

AoRj 


2a. ^^2 


Also 


Lj 4 ^ L2 

Ri + R 2 


+ ^2^2 


I K.) 


Hence 


Ri ^ R2 Ri "i* R2 

"•C ^2 

L,+ L, ) than ^ 

Lo 


Rx + R, 


is less than 


when 


> 


^ 1 . 


Ra Ri 


(Example 38. 

The circuits A to C and C to E have the same LC value of 0 - l(jiH-(xF, being 
tuned separately to 503 kc/s. 

Total inductance = 10 + 100 = 110|iH. 

Total capacity = -001 X -Ol_1_ 


•001 + -01 1100 

The LC value of the circuit A to E is 110 x 

1 


(xF. 


1 


1100 


0-l(xH-(xF 


.... . - 7 - --T-Jd X 10 « 

VIX 

Q= 3-16 X 10* X ^ X ^ = 158. 
and Qi = Qj = 158. 

No change in selectivity has been achieved in this case since the Qs of each circuit separately 
are the same. 


304. Voltage across the Inductance or Capacity at ResonanceThe voltage across the 
inductance or condenser in a resonant circuit where the current is known may be found con¬ 
veniently in the following manner, without working out the frequency (cf. 302) :— 

The voltage across the inductance = wLI, which is equal to the voltage across the^ 


condenser. 


Hence Ei 


Eo = ti>LI; 


but (d = 



Therefore E^ 
since the ratio 


LI 


-Wl 


VLC ~'V c' 

remains the same. 


where 


{ 


L is in henries, 
C is in farads 


} 


and also where 


r L is in {iH, 
\ C is in (iF 
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This formula is useful in cases where the inductance and capacity of a ciicuit are both “ con¬ 
centrated,” and not composed of several inductances and capacities in series or parallel. 

/Sample 39. 

In a circuit consisting of an inductance of 700[xH, a condenser of -OOlfiF, and a resistance of 
30 ohms in series, fipd the voltage (a) across the condenser, {b) across the supply terminals, for ^ 
current I = 10 amperes at resonant frequency through the circuit. 

(a) The voltage across the condenser 

Vo - I volts - 10 l.OOOv/TO 


= 8,367 volts. 

The maximum value of this voltage will be 

Vo = 8.367 X V2~= 8,367 x 1 -414 = 11,831 volts. 

(b) The voltage required across the circuit to force the current of I = 10 amperes through 
the resistance of the circuit at resonant frequency will be 
V = IR = 10 X 30 = 300 volts. 

The maximum value of this voltage will be 

= 300 X V2 =--- 300 X 1 -414 = 424-2 volts. 


305. It is interesting to note the distribution of voltage in the circuit of Example 38 above. 

Assume that the resistance of Lj is 0-2 ohm, that of Lj is 2 ohms, and that a current of 
1 ampere is flowing at the resonant frequency. Find the P.Ds. across the various portions of the 
circuit. 

The voltage required to drive the current through the resistanee of the acceptor circuit A to 
C = IR= 1 X 0-2 = 0-2 volt. 

Similarly, the voltage across the acceptor circuit CtoE = IR=l x2 = 2 volts. 

The total voltage required across the two acceptor circuits in series «= 2 • 2 volts. The voltages 
across intermediate points in the circuits are, however, much greater. Thus the voltage across 
AB is given by 

1 VR-^“ : 

The reactance of Lj is given by 

wLi = 3-16 X 10* x = 31 -6 ohms. 

. •. Voltage across AB = 1 V (0-2)2 u(3i.6)* .= 31-6 volts approximately. 

The resistance is really so small compared with the reactance that it can be neglected, and the 
formula of the last paragraph would give the^ame result. 

Voltage A to B — I \/\, = 1 x A/ 4 ^ = 31 -6 volts. 

VC V .(ji 

This is also the voltage from B to C, across the condenser Cj. 

Similarly, voltage C to D = voltage D to E = 316 volts. The voltages across the various 
portions of the circuit are therefore as follows :— 

A—B = 31-6 volts (approximately). C— D = 316 volts (approximately) 

B—C = 31-6volts. D—E = 316 volts. 

A—C = 0-2,volt. C—E = 2 volts. 

A to E = 2-2 volts. 

The voltage A to C = 0 - 2 volt is the vector sum of the voltages A to B and B to C ; A to B 
being just a little greater than B to C, and not in exact antiphase to it. The power reqiured to 
maintain the current = I*R = 2-2 watts. 

This example will be found useful when dealing with receiving circuits later. 



Chapter V. 


|Re-«i7 

306. Potential Nodes and Loops. —In W/T great variations of potential are encountered 
between various portions of a circuit, an important point when considering the 'value of the 
insulation that must be provided. 

The portions of a circuit where the potential does not vary much are often referred to as 
“ nodes of potential,” and the points undergoing large potential changes are termed “ anti-nodes ” 
or “ loops ” of potential. 

Take a taut violin string 
and pluck it; it will vibrate as 
shown by the dotted lines. Fig. 
140 (a). The two ends which are 
secured cannot move ; these two 
points are called “ nodes ” of 
vibration. The centre of the 
string will have a maximum of 
movement; this point is called 
a “ loop ” or “ anti-node ” of 
vibration. 

Now press the string lightly at a point one-thiid of its length from one end, Fig. 140 (b). This 
point and the two ends are held fixed. The remaining two-thirds will automatically divide itself 
into two equal vibrating portions, with the mid-point stationary. The string will vibrate and emit 
a note of three times the frequency of the fundamental note as given by the string in Fig. 140 (a). 

This note is called the third harmonic. 

As can be seen from the figure, we have in this second case four nodes and three anti-nodes of 
vibration. 

Various interesting experiments of this nature may be tried by applying regularly-timed jerks 
to a taut signal halyard or stay. 

Similar results apply to the wireless circuit we have just been discussing. Suppose we earth 
the point E. Then the point D will be oscillating at 316 volts above and below earth potential. 

The potential of the point C will only vary 2 volts either way. 

The point B will vary 31-6 volts, and A will vary 0-2 volt with respect to C. 

Thus, A, C and E may be spoken of as nodes of potential, and B and D as anti-nodes, or loops 
of potential. 

D must have insulation from earth adequate to stand 316 volts, C to stand 2 volts, B to stand 
31 *6 volts, and A to stand 2 • 2 volts. 

PARALLEL COMBINATIONS OF RESISTANCE, INDUCTANCE AND 
CAPACITY IN A.C. CIRCUITS. 

307. Resistance and Inductance in Parallel. —In the treatment of various types of parallel 
circuit, vector diagram methods will be used. 

If an inductance L and a resistance R are joined in parallel (as in Fig. 141 (a)), and an alter¬ 
nating voltage V is applied to the combination, currents of different value and different phase 
relationship will flow through the two parallel paths, and the current from the supply will be their 
vector sum. 

In this case, 

(а) a current Ii, will flow through the indnct- 

V 

ance, equal to and lagging by 90° 

on the applied voltage ; 

(б) a current will flow through the resist- 

V 

Fig. 141. ance, equal to g, in phase with the 

applied voltage- 




(a) (6) 

A vibrating violin string. 
Fig. 140. 
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The resultant current from the alternating supply is seen to be, from the vector diagram (FiftJ 

!4i m, _ ^_ 


1 

(oL 


The angle of lag of current on voltage is given by if>, where tan ^ ’ 

As before, the impedance Z of the parallel circuit is given by the ratio of the maximum (or 
R.M.S.) value of the voltage to the maximum (or R.M.S.) value of the current. 


V 

In this case Z = -r = 


1 


(oLR 


I //^y /1 vr* + 

V(r) + Ul) 

The ratio of current to voltage, (■^)* + (~x) ^ impedance is called 

the admittance of the circuit. It is denoted by the letter Y. 

^^ample 40. 

An alternating voltage of 100 volts at a frequency of 10,000 cycles per second is applied to a 
circuit consisting of a resistance of 20 ohms in parallel with an inductance of 300(xH. Find (a) 
the current and {b) the angle of lag. 

w = 27t X 10,000 = 6-28 X 10*. 

Xi, = a>L = 6-28 x 10* x ^ = 6-28 x 3 = 18-8^ohms. 


10 * 

100 

18*84- amps. 


’‘ = ^L 

V 100 

Ib = ^ =5 amps. 


Resultant current = VV + In* =V 5^ + 5-3P = V25 +28-17 = V 53-17 = 7-3 amps. 
. _ , In _ 5-31 

tan^ = j- ^ 


1-06. ^ = 46° 42'. 


Hence the resultant current is one of 7 • 3 amperes lagging behind the applied voltage by an 
angle of 46° 42'. 


308. From the above, the following general deduction may be made concerning the vectorial 
treatment of series and parallel circuits. 

In series circuits—^inductance, resistance, etc., in series—^the current through each will be 
the same, and the voltage drop across each will be different. Start by drawing the current 
line. Lay off along it the voltage drop due to resistance, and- at right angles to it the voltage drop 
due to reactance—inductive or capacitive or both. Completion of the vector diagram gives the 
necessary supply voltage for the given current. 

In parallel circuits—inductance, resistance, etc., in parallel—the voltage applied to each will 
be the same and the current through each will be different. Start by drawing the voltage line. 
Lay off along it the current through the resistance, and at right angles to it the current through the 
inductance or capacity. Completion of the vector diagiam gives the resultant current for the given 
supply voltage. 

In parallel circuits, either or both arms of the circuit may contain combinations of resistance 
an6 inductance or capacity.; in which case the corresponding current vector will, as shown in 
paragraj^ 307 and 309, be inclined to the voltage vector at an'angle between 0° and 90°. 
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309. Resistance and Capacity in Parallel.—Suppose that a resistance R and a capacity 
^are in parallel, as in Fig. 142 (a). 

' An alternating voltage V is applied to the combination. 

In this case, 

V 

(a) a current I* flows through the resistance = in phase with the applied voltage ; 

(b) a current lo flows “ through ” (i.e. charges up) the condenser, which leads the applied 

voltage by 90° and js equal to VwC. 

The resultant current from the alternating supply is seen to be, from the vector diagram, 
Fig. 142 {b), _ 

+ I*c = V \/^+ 


(«) 



The angle <t>, by which the current leads the 
voltage, is given by 

(oC 

tan if> = —j- = wCR. 

r” 


Fl«. 142. 


As in paragraph 307, /y/ + w*C*, being the ratio of R.M.S. current to R.M.S. voltage, is 


termed the admittance of the parallel circuit, and its reciprocal, 

1 R 


V 


^ 


is the impedance of the circuit. 

'^10. Equivalent Capacity and Series Resistance.—The case of a capacity in parallel with 
a resistance is important in practice, as it may represent a condenser with dielectric leakage, or 
leakage to earth from a high potential point in an aerial, or simply a condenser with an artificial 
resistance across it. 

We propose to show that, for such a circuit an equivalent series circuit comprising capacity and 
resistance can be substituted, giving the same impedance and the same phase angle. 

Let us assume that a circuit containing Cj and R^ in series is equivalent to C and R in parallel. 


By equality of impedances 




'+ 


1 


R 


1 + o)»C«R* 


By equality of phase angles, = wCR 

■ R 


VI + <o*C*R* 




R 


Alaq Cj - 


1 


o>*CRRi 


fc)*C 

• 1 +(02C*R* 

1+6)*C»R» ^/. 1 \ 


««CR* 


<o*C«R*' 





Chapter V. 


In those practical cases where the resistance shunted across the condenser, e.g., the insulation 

R« 

resistance, is high compared ;with the capacitive reactance, _1_ or toH3*R* is large compared 

to unity. <o*C® 

R 1 

Thus a good approximation to Rj is and Ci very nearly equals C. 

Hence a parallel resistance R can be replaced by a series resistance ^ result which is 

very useful when considering power losses {cf, D.23). 

The higher the leak resistance the less power will be wasted. 


It was shown, while dealing with condenser theory, that the various losses can all be repre¬ 
sented by either resistances in series or parallel; this paragraph shows that they can all be shown 
simply by an equivalent resistance in series. 

311. Inductance and Capacity in Parallel (neglecting Resistance).—The investigation of 
a parallel circuit, in which one side of the circuit contains inductance only, and the other capacity 

only, will now be undertaken. It must be remem- 
bered that such conditions are impossible in practice, 
but the results obtained from the theoretical case 
^ c lead up to those in the general case where resistance 

is included. 

In this paragraph, and succeeding paragraphs up 
to and including paragraph 315, the existence of 
resistance is entirely neglected. 

If an alternating voltage of V volts at a frequency 
(a) tit of f cycles per second be applied to a circuit, as 

shown in Fig. 143 (a), the current flowing through the 
Ic circuit from the supply can be arrived at as follows :— 

(a) A current I,, will flow' through the 


9 


B 


t 


1 


1l fi^flCATCR 

than 

(i) 


Ic 


1 


I' 


^ Ic CiRtATtR 

K THAN It . 


"I 


inductance L such that It, = 


-0L 


lu 


<c) 


Ic = It 


(<L) 


Fig. 143. 


;v 

o)L’ 

lagging behind the applied voltage 
V by an angle ^ of 90“. 

{b) A current Ic will flow through the con¬ 
denser C such that Iq = VwC 
loading on the applied voltage by 
an angle <f>c of 90°. 

The supply current from the A.C. source ot 
supply will be the vector sum of these separate 
currents. 


In Fig. 143 (6), (c) and (d) are represented the different conditions that may obtain according 
to the relative magnitudes of Ii,, and Iq. 

If, as in Fig. 143 (b), I,, is greater in magnitude than Ic, the vector sum of the two currents 
is actually their difference II — Ic- In this case I == Ij, — Ic = V ^ ^ — <oC^ and lags 90° on 
the voltage. 

If, as in Fig. 143 (c), I,, is less than Ic, the resultant of the two currents is 
Ic^— II = V (aC — and leads 90° on the voltage. 
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312. Resonant case, neglecting Resistance.—If, 
current flowing from the A.C. source is Ij, — I© == 0. 

In this case 


V 


V 

X <i»C = —f. 
inL 


as in Fig. 143 (d), Ii, 


wC = 


J_ 

<oL' 


< 0 * 


LC 


_L f- 

y/LC’^ 2ny/LC 


lo, the resultant 


This is known as the Resonant Frequency for the circuit given. 

The Resonant Frequency for the simple parallel circuit dealt with is defined to be the 
frequency at which an applied alternating voltage W'ill send no current through the circuit. 

The impedance of a simple parallel circuit at resonance is infinite; the admittance is 

zero. 


313. Rejector Circuit.—A resonant circuit composed of inductance and capacity in parallel 
is termed a “ Rejector Circuit,” being exactly opposite in its effects to an acceptor circuit. 

This opposition of effects applies to the various aspects considered in paragraph 300. These 
results will be developed in due course. 


314. Circulating Current.—Although no current passes through the circuit, large currents 
may flow in the respective sides of the circuit. These currents are II and Ic respectively. The 
explanation is based on the fact that these currents are exactly equal and 180° out of phase; so 
that at the instant when the current from A to B in the inductive side of the circuit is a maximum, 
say, the current in the capacitive branch is also a maximum, but flowing from B to A ; i.e., at that 
particular instant there is a current flowing “ round ” the circuit in a clockwise direction and having 
a maximum value. 


From this point of view, the name *‘ circulating ” current is applied to the current flowing 
roimd the circuit. The current from the supply may be termed the ‘ ‘ make-up current. ’' Here it 
is zero. 

The value of the circulating current is given by 


oi = L and C being in henries and farads. 

Vlc ® 


•. Circulating current 


VC 


Vlc 




amps, when L is in henries and C in farads. 


In the purely theoretical case we are considering, with no resistances, there is no expenditure 
of power to keep this circulating current flowing; in the practical case, with resistance, the small 
resultant of Ii, and Ic, which is the make-up current, and caimot then be zero, provides the power 
necessary to maintain the circulating current. 


315. Non-Resonant Case, neglecting Resistance.—Let us assume a different frequency of 
supply, which may be greater or less than the resonant one. 

> The make-up current at resonance is zero, the impedance being infinite. As, however, the 

frequency is increased above or decreased below the resonant frequency, the equality of ^ and 
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<»)C no longer holds, and the current through the rejector circuit, being ^ a value 

other than zero. 

As in paragraph 300, various results can be derived. 

(1) Phasing. —If the frequency is increased above the resonant frequency, wC becomes greater 
and ^ becomes smaller, so that the make-up current V ^toC — is capacitive, and leads 90° 
on the voltage. 

If the frequency is decreased below resonance, ^ is greater than toC and the resultant current 

<oL 

V —(i>C ^ lags 90° on the voltage. These results were also derived in paragraph 311, and are 

seen to be in opjwsition to those of paragraph 300. 

(2) Effect of amount of departure from resonance.—^The further the frequency of the 
applied voltage departs from the resonant value, the greater will be the value of the expression 

and hence the greater will be the current flowing through the circuit. This result is 

again opposite to that of paragraph 300. 

^3) Effect of the proportion of inductance to capacity.—If the LC value of the circuit is 
kept constant, but the ratio £ is increased, the current through the rejector at resonance is still 
zero, but the current at non-resonance increases as this ratio increases. 

If C is increased n times, n being greater than 1, and L is divided by n to keep the product the 

1 It 

same, then wC becomes naC and —7 becomes -v, and the difference between the two becomes n 

wL o>L 

times what it was before. 


Hence the current V (^ ~ wC) is increased n times. 


This result is the same as that in 


paragraph 300. In both cases, acceptor and rejector (taking the rejector circuit with no resistance), 
an increase in the ratio £ cuts down the current at a given non-resonant frequency, or increases the 
impedance of the circuit. 

The rejector circuit is used to stop the flow of current at the resonant frequency through the 
circuit, and, by increasing C and diminishing L correspondingly, it can be made to allow large 
currents to pass through it at frequencies only slightly different from the resonant one. 

In continuation of the results in (1) and (2) above, it is obvious that for frequencies very much 
greater or less than the resonant frequency, the rejector circuit is practically equivalent to a simple 
capacity C or a simple inductance L respectively. 

^Jiminple 41. 

! If an alternating voltage of 1 volt be applied to a circuit consisting of an inductance of 4fjiH 
in parallel with a condenser of •02(iF (a) at the resonant frequency, (d) at a frequency of 500,000 
cycles per second, find the circulating current in* the first case, and the current from the supply in 
the second case. 


* The sign ~ means " take the difference between " the two symbols it links- 
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If the inductance is decreased to 1 |jlH and the capacity increased to -OSjxF, find (c) the current 
from the supply corresponding to case (6) above. 


{a) Circulating current 
(i) <0 




2 ~ -0707 amp. = 70-7 milliamps. 

27t X 5 X 10® — IT X 10* radians per sec. 

•02 

Ic = VcoC 3-14 X 10* X ^ X 1,000 wA = 62-8 wA. 


It. = 


mL 


'"•x 79.6 »A. 


12-56' 


3-14 X 10* X 4 
Ij, — Ic “ 16*8 wA. 

The supply current is therefore one of 16*8 mA., lagging by 90®, since the i]^^]^ce currj^t 
is greater than the condenser current. 

(c) c*> = 5 ; 7c X 10® radians per sec., as betore. 


Ic 


II- 


Vg>C = 
V 


•08 

3* 14 X 10® X X 1,000 mA. = 251 *2 mA. 
10® X 1,000 


coL 


j 1 ^ wvi ,wA 318*5 mA. 
3* 14 X 10® X 1 

II — Ic = 67*3 mA. 
C 


'Fhe increase in the ratio has resulted in increasing tlie current at a given non-resonant fre¬ 
quency four times. 


316. General case, including Resistance.—So far, we have been dealing with a circuit 
containing no resistance whatever. 

In practice such a state of affairs is not possible, although in an efficient circuit the resistances 
are small, especially in the condenser branch. 

The general case, with resistance in each branch, will be considered first. 

Owing to the presence of resistance, the current through the inductance branch will not now 
V 

be equal to ^ , but will be 

I V 

^ + (<oL)a 

lagging on the applied voltage by an angle <f>L which is not 90°, hut tan-^ 

Similarly, the current through the condenser branch will be 

Ic '' 


(oL 

•t. 




^ ' coC/ 


leading by an angle whose tangent is 

The resultant supply current I is the vector sum of these two currents Ii,and Ic. 

‘ Let us resolve Ij, and lo into components in'phase with the applied voltage, and eomponents 
90* out of phase with it. 
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Ii, is equivalent to Ij, sin lagging 90"^ behind 
the applied voltage, and cos in phase with 
it. Similarly Ic is equivalent to lo sin leading 
90® on the applied voltage, and lo cos <f>Q in phase 
with it. 

The supply current is then the vector sum 
of :— 

(а) II sin ^ Ic sin ^c, 90® out of 
phase with the applied voltage ; and 

(б) II cos <f)i^ + lo cos <f>c, in phase with 
the applied voltage {see Fig. 144 (b) (c), {d)). 
Resonance occurs in a parallel circuit, in 

which resistance is taken into account, when 
the supply current is in phase with the applied 
voltage. 

For this to be the case, the vertical com¬ 
ponents of II and Ic in the vector diagram must 
be equal and opposite, ix., 

Il sin = lo sin (f>Q. 

There is then no reactance offered by the 
circuit, and its impedance is a pure resistance only. 


Fig. 144. 


At the resonant frequency the supply current flowing through the circuit is not necessarily a 
minimum, so that, while jn the acceptor circuit resonance may be looked upon as meaning maximum 
current (minimum impedance), or zero reactance, in this case zero reactance is the only correct 
definition of resonance. 

1 

★317. Resonant Frequency and Effective Resistance of a Resonant Parallel Circuit.- 
At resonance 1^ sin = lo sin <f>Q, 


is an angle whose tangent is and so sin 

Kl 


sin <f>^ 


X 


o>L 


VIV + (coL)2 


Similar^, Iq sin <j)^ — 


''■Jc 


Rc* + 


_L\* 

(oC 


coL 

Vrv + (coL)*’ 

V_wL_ 

IV H'"(coL'> 


Equating these two results ;— 

uL 


J_ 

wC 


K,* 


{(oL)** 




+ l 


/_Ly 

6 >C/. 




L 1 L* 

£0*UV+ - + c ^ 

■ (lR,> -- i 

Ri®C-L 


Oi 


C 

L-Rl*C 1 

LRo* C« - CL* ~ L*C -LR-* C* “ LC 

c* 


which gives the value of <o for resonance 
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Since / the resonant frequency may then be found. 

The current at resonance may now be derived by making use of the value of &> just found. The 
current is in phase with the voltage and so is given by 

T r , . T , V.Rl , V.Rc 

I = II cos + Ic cos ^ P’ 

< 0 ^ 

by substitition for I^, Ic, cos and cos 

. i Rl , Rc 
• • V - Rc* + a>*L* + R , , 1 ■ 

T 5 * L/ L-CR l*\ , 1 Li/L - CRc«\ 

But CO L - \^L _ and “ c \L - CRl 7 

.1 CRl (L - CRc*) CRc (L - CRc*) C (Rc + Rc) (L - ^LRc'ff 

• • V ~ 1* - C*Rc*Rl* L* - C*Rc*Rl* ~ L*-C*Rc*R " 


_ C (R,. -I- Rc) 

L -(- CRcRl 

Writing the total resistance Rl + Rc, as R, this gives 

J_ CR 

^ l(^1+^RcRl) 

^is the admittance, Y, of the parallel circuit. 


The impedance (or effective resistance, since current and voltage are in phase) is given by 

, l(> +rR'R-) 

^ ~ Y ~ CR 


When Rl and Rc are small, as is generally the case in practice, the approximate value of the 

effective resistance of the circuit is this result being in ohms, if L is in henries, C in farads, 
and R in ohms. 


The supply current is —z — amperes, V being in volts and the other quantities as above. The 

curious Result must be noted that the supply current is greater and the impedance less, the 
greater the actual ohmic resistance included in the circuit. 

Alternatively, if it is assumed that all the resistance of the circuit can be taken to be in the 
inductance branch, *.c.,.Rc = 0, then 


< 0 * 


_Rl* 
LC L«' 


and the effective resistance of the circuit is given accurately by 


CR' 


A similar result follows if all of the resistance is in the capacitive arm. 

» 1 
It we make the further approximation that Rl can be neglected, then co = 

The statement made in paragr^^ 316 that resonance does not give a minimum value of supply 
cnxr^ can easily be proved by find^g the value of the supply current for the frequency corre- 
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spending to u » where Rc = 0, but Rf. is not taken equal to zero ; though not 

in phase with the voltage, it will be found to be less than the supply current for the correct resonant 
frequency given by 

_ a/-1 

“ “ V Lc “ L* ' 

The difference is very small, however, and it is always assumed in practice that the imped¬ 
ance of a rejector circuit is ^ for an applied frequency = 2 tc VLt ' impedance 

can be regarded as a pure resistance, the supply current being practically in phase with the voltage. 
The last approximate result can also be derived as follows :— 

If Rl and Rc are considered to be very small, the currents II and Ic may be assumed equal'and 




are given by ^ or VtoC; either of which expressions, with to = 

*^5^he power expended by these circulating currents is given by 
^ C V*CR 

II* Rl + V Ro = (Ri, + Rc) = where R = Ri,+ Ro- 

This power is supplied by the source of alternating voltage. 

If V is the supply voltage and I the supply current, 

VI - CR. 

L 

L 

V L 

and the effective resistance of the rejector circuit = J ~ 


1 = V 


Example 42. 

If an alternating voltage of 10 volts be applied to a circuit consisting of O’lfiF in parallel 
with an inductance of 4(iH at the correct resonant frequency, find (a) the supply current required, 
(b) the circulating current, if the resistance of the circuit is equal to ()• 1 ohm. 

CR 

(a) Supply current = V -j- (para. 317). 


0-1 X 0-1 
= lOx -4- 

{b) Circulating current = V — 


= 0-025 amp. 


j-(para. 314). 

= 10/y/— = 1-58 amp. 


318. Parallel Resonance with Resistance in the Inductive Arm only.—With reference 
to Fig. 144 (i),with no resistance in the capacitive arm, the vector Ic is drawn at right angles to 
the voltage line, and at resonance 

II sin = Ic = V«C, . (1) 

is an angle whose tangent is hence 

•Kl 

uL ,, , V 

^ = :7s=r=7==^- Also It =- 


VRt* + w*L* ■ 


VRt* + <»*L» 
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From (1) 


coL 


VRl* + VRi,* + 


= VwC 


t = Ri,* + <o*L* or CO* = 1^', 


.(2) 


i.e., at resonance when R^ = 0. 

The supply current at resonance is given by Ij, cos and cos <^i, 

IT I , V Ri, VRi, 

Hence Ir cos J>t, »= ~/===r^ -- 

^ V Rl* + 

. •. Impedance at resonance = Z = 

Substituting for co* 


Rl/VRi, * + co«L*. 


VRl“ + Rl*® + ■ 

V Rl* + a>*L* 


Rl* + 


Ij, cos <f>L 
1 Rl*^ 


R, 


z = 


LC 


L* 


L* 


Rt 


= accurately. 


<></ 

319. Non-Resonant Case, Including Resistance.—When the vertical components of 
Ii, and Ic are not equal, the supply current is the vector sum of (Ii, sin (f>j^ Ic sin and 
(II cos + Ifl cos <l>c), these being at right angles to each other vectorially (paragraph 316). 

(1) Phasing.—If the applied frequency is greater than the resonant one, the current Ic through 

1 


V . 


the condenser branch will be increased, and its vertical component Ic sin 


coC 


Ro* + 


(i 


.c)’ 


will be increased. (This result is strictly true only if ^ > R('> ii^is would hold in practice.) 

In the same way, for an increase in frequency above resonant frequency, the current I^ through the 

VtoL 

inductive branch is decreased, and its vertical component Ii, sin ^£, = 2 ^ (toL)* ** decreased. 

The resultant of the out-of-phase components of current, being (Ij, sin ^~Io sin <f>o), is therefore 
capacitive, and the supply current will lead on the applied voltage. 

If the applied frequency is less than the resonant one, the supply current lags on the applied 
vbltage {cf. results of paragraphs 315 for the case of no resistance). 

(2) Effect of departure from resonance.—For frequencies sensibly different from resonance, 
the greater the departure from resonant frequency the greater will the current become through 
one brands of the circuit, and the less the current through the other, so that their vector 
sum, which is the supply current, increases. 

It is difficult to give a strict proof of this statement. It is, of course, proved for the case of 
zero resistance in paragraph 315. 

C 

(3) Effect of alteration of ratio of capacity to inductance.—^An increase in the ratioy 

VRC 

not only affects the results at non-resonance, but, froni the formula I = —j—, it increases the supply 


L C 


current at resonance. In the acceptor circuit the ratio q or £ ^^oesnot affect current at resonance. 

At non-resonance a strict proof on the lines of paragraph 315 cannot be given, owing to the com¬ 
plicated form of the vector diagram, but it may be assumed that the inclusion of resistance into the 

problem does not alter the results of paragraph 315, and that an increase in the ratio increases the 
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current at non-resonance in the case where the circuit includes resistance. An example follows 
to illustrate these points. 


Example 43. 

Uftffn a circuit consisting of 9|jiH in parallel with •Olp.F, the inductive branch having a 
resistance of 1 ohm and the capacitive branch no resistance, findii^-the current through the circuit 
for an applied voltage of 100 volts at the resonant frequency, the correct resonant frequency, 
(c) the cimrent at a frequency which is 70 per cent, of the resonant frequency. 

(2) Repeat the calculation for a circuit of 4*5|i.H and •02(iF, the resistance being as before. 

In this example resistance has been introduced as being wholly in the inductance branch— 
the numerical calculation being much longer if it is included in both branches, 


(l)(a)I = 


VRC 100 X 1 X -01 X 10« 


(6) = — 


L2 


0) 


9 X 10* 

_ 10« X 10* 
" 9 X -01 
10« X V899 


— 0*11 ampere. 
10^2 


P X 1012 
92 ■ 


100 

9 


2 

81 


10’2 X 899 
81 


= 3-3315 X 10«. 


/ = -^ = 530,200 cycles per second. 

Ztz 

10 ® 

It is obvious that the value for to is practically the result which would be obtained if Rl were 
neglected. 

In other words, even with resistance considered, co ^ approximation to 

the “ 0 ) corresponding to the resonant frequency. 

10 ® 

For simplicity of calculation, co = will be used in (c). 

7 

(c) For a frequency which is 70 per cent, of the resonant frequency, co = a X 10® approxi- 
mately. 

V 

In this case, I^ =~ 


VRi,2 + (W L)2 


VcoL 


The out-of-phase component of I,, is sin 
7 9 

Now toL = y — 21 ohms. 

100 X 21 2,100 


.{para 317). 


.-. Il sin ^ 


= 4-75 amperes. 


la I. 21* 442 

.T • T , VRt 100 X 1 100 ^ 

The in-phase component of Ii, is Ii, cos ^ = R^^a ((,,L) a =irqr^a = 442 ampere. 

The current through the capacity is 90® out of phase and is given by 

^ 100 X 7 X 10« X -01 ^ 

VtoC == -•— g - — j - y - =2-33 amperes. 


The current I from the supply is the vector sum of the in-phase current and the resultant out- 
of-phase current, and is therefore given by 

I« = (4-75 - 2-33)* + (-226)* = (2-42)* -f (-226)* = 5-86 + -05 = 5-91. 

.'. I =2-43 amperes 

which is very much greater than the current at resonance given by («). 
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,ow s T VRC 100 X 1 X -02 X 10« , ,, 

(2) (a) I = — =- 4.5 ^ jQy -= 0-44 ampere. 

/.V , 1 IV 10«xl0« l>xl0i* .^„/100_4\ 

(b) L 2 - 4 . 5^02 4 - 5 * 81/ 

« = 1Q*V896 ^ 3.3259 ^ JO* 


100 4 \ 10i» X 896 

9 81/~ 81 


10 * 

still a very close approximation to -"qT^ = 3-33... X 10*. 

6 ) 

f =■ 529,300 cycles per second. 

10 * 

(c) Using (0 = as the resonant frequency, as before, 

to' = X 10* and to'L = -^ X 10* x = 10-5 ohms. 

, ._ , Vto'L 100 X 10-5 1,050 ^ ,, 

II sm ^ ^ “ 1* + (10-5)* “ 111 -25 ~ amperes. 

II cos ^ (in-phase component) = 111.25 =0-90 ampere. 

The current Ic, which is 90° out of phase, is 

100 X 7 X 10* X -02 

Vto C = - 3 " ' joe -== 4-67 amperes. 

I (as before) = V(9-44 - 4-67)2-f (-90)* = V(4-77)* + (-OOp 


= V22-75 -f -81 = V23-56 = 4-85 amperes. 

Thus the current at resonance and the current at non-resonance given by (a) and (c) have 
both been increased by an increase in the ratio of C to L. 

It may also be observed that an increase of R to, say, double its amount, would double the 
current at resonance, but would have little effect on its value at frequencies differing much from 
res^ance. 

320. Resonance Curves for Parallel Resonance.—^The values of supply current flowing at 
different frequencies may be plotted, as in the case of the acceptor circuit (paragraph 301), and the 
result is that normally Imown as a resonance curve. 



Fto 145 
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Owing to the laborious calculations involved exact curves have not been drawn, but from the 
theory, and worked example No. 43, it is obvious that such curves would be as illustrated in 
Fig. 145 (a). 

The properties of a rejector circuit may now be summed up :— 

At the Resonant Frequency— 

(«) If the circuit has no resistance losses at all (R = 0), it allows no current to flow through 
it from the source of supply, although a large circulating current is set up in the 
circuit; its impedance approaches infinity on either side of the resonant point— 
Fig. 145 (b). 

{b) If it has any resistance losses, a supply current can flow through it which is greater 
(the greater)the resistance losses and the smaller the ratio L/C. 

(c) If the circuit contains resistance, the resonant frequency (at which the supply current 
is in phase with the voltage) is not entirely independent of the resistance, as is the 
case with the acceptor circuit. 

At Non-Resonant Frequencies— 

(а) For non-resonant frequencies, the supply current increases the further the non-resonant 

frequency is from resonance, the smaller the ratio L/C, and the greater the resistance 
in the circuit. 

(б) If the non-resonant frequency is greater than the resonant frequency the current 

leads on the applied voltage ; if less the current lags on the applied voltage. 

In general, the higher the impedance at resonance with reference to the impedance at 
a given fractional departure from it, the greater the selectivity of the rejector. For this 
reason, impedance/frequency curves, such as Figs. 145 (t), are of more value than current/frequency 
curves, and have the additional advantage that parallel resonance curves then appear to be essen¬ 
tially similar to those of series resonance. 


•^321. Comparison between Acceptor and Rejector Circuits.—The essential difference is 
that the acceptor circuit is an easy path for currents at the resonant frequency, and a more difficult 
one for all others, whereas the rejector is a difficult path for currents at the resonant frequency and 
an easier path for all others. 

At resonance, cmrent through the acceptor is inversely proportional to its resistance, while 
current through the rejector is directly proportional to the resistance. 

At resonance, current in the acceptor circuit is independent of the ratio of inductance to 
capacity ; in the rejector this is not so. 

The resonant frequency for the acceptor circuit is independent of the resistance ; in the rejector 
circuit this is not so, but for small resistances in the circuit, the divergence from the value 


1 


27tv'LC 


which is correct for the acceptor, is not very great. 


•^22. Selectivity and 0 for Parallel Circuits.—With the usual approximations for a resonant 
parallel circuit we have 


The impedance at resonance is thus Q times the reactance of one branch of the circuit. Applying 

this rule to example 43 (1) we have Z == 30* — 900 ohms; accurately Z ^ ^ ohms. 

> This resonant rise of impedance is precisely similar to the resonant rise of current 
in the case of the acceptor circuit, and the same approximate rules may be applied in 
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order quickly to estimate the shape of the impedance curve, on which the selectivity of 
the rejector depends. High values of Q give highly selective circuits, the parallel impedance 
falling to 70 per cent, of its resonant value for a fractional difference of 1 /2Q off resonance. 

In terms of Q, parallel circuits appear no more complicated than series ones. Simple approxi¬ 
mate expressions for the “ supply current ” and “ circulating current ” also appear when 1 jQ is 
small in comparison with unity. We have 


V = IZ = IQtoL 


I = 


QcoL 


But V/coL is approximately the circulating current (paragraph 314), hence 


Circulating current 

Q 


or Circulating current Q X supply current. 


In example 42 we have Q = 63*2, hence circulating current % 63*2 x 0'025 =1*58 amps. 


POWER IN ALTERNATING CURRENT CIRCUITS. 


323. Comparison with D.C. Circuits. —In any direct current circuit, the expenditure of 
power is easily obtainable in any one of three ways :— 

(а) If the current and applied voltage are known, in amps, and volts respectively, then 

the power expenditure (in watts) is equal to V x 1. 

(б) If the resistance of the circuit is known in ohms, and the current flowing through the 

resistance is known in amps., then the power expenditure (in watts) 

= VI = IR X I = PR. 


(c) If the resistance of the circuit and the applied voltage are known, then the power 

V ya 

expenditure = VI = Vx^=^. 


In alternating-current circuits these simple relations do not all hold ; owing to the fact that 
the value of the applied voltage, and the value of current flowing, are continuously changing, and 
that they are generally out of phase with each other, the power supplied to the circuit is itself a 
variable quantity, and formulae have to be derived which will give the mean power expenditure 
over a complete cycle. 


324. A.C. Circuits containing Resistance only. —In an alternating current circuit in 
which the reactance is zero—for instance, a circuit which contains only a resistance R—the values 

of current and applied voltage are related to one another by the formula J ■= or, using R.M.S. 


values, I == 


V 

R* 


From the definition of the R.M.S. value of an alternating current, given in paragraph 273, 
which states that it. is the equivalent value of D.C. which would give the same power expenditure 
in a resistance R as an alternating current amplitude J, the power expenditure in this case is 
V2 

PR or VI or ^when I and V are the R.M.S. values of current and voltage respectively. 


The strict mathematical pi oof has already been given in paragraph 275 (a), which shows that 
the mean power expenditure over a cycle is which, by definition, is PR. 


In an A.C. circuit containing resistance only, therefore, the power expenditure (in watts) is 
the product of V (volts) and I (amperes), as read by alternating current voltmeters and ammeters, 
which register R.M.S. values. 
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325. General Case of A.C. Circuits. —We now consider A.C. circuits which have reactance 
as well as resistance, and in which the current and the voltage are therefore not in phase. Let us 


take the simple circuit illustrated in Fig 
An ammeter (A) reads the R.M.S 



Fig. 146. 


146, consisting of a resistance R and an inductance L. 
value of the current flowing, and a voltmeter (V) reads 
the R.M.S. value of the applied 
voltage. 

Then we know that the current 
will be lagging on the voltage by an 

angle (f>, whose tangent is The 

voltage V is performing two duties :— 
(a) It is supplying a com¬ 
ponent El = IR to force the 
current through the resist¬ 
ance of the circuit. This 
voltage is in phase with the 


current, and is known as the in-phase component of the total voltage. 


(b) It is suppl 5 dng a component E 2 = caLI, to overcome the counter E.M.F. of the 
inductance. This camponent is 90® ahead of the current, and is known as the 
wattless component of the total voltage. 

In the case of the inductance, the energy expended in creating a magnetic field round the 
inductance during a quarter of the cycle is completely restored to the circuit during the succeeding^ 
quarter cycle. In other words, the mean expenditure of energy, when the current and voltage are 
90® out of phase with each other, is zero. Hence the component of the voltage Eg, or coLI, does 
not, in conjunction with the current flowing, involve any power expenditure, and so arises the name 
“ wattless applied to it. 

The only power required is that necessary to force the current through the resistance R. The 
voltage required to do this is Ej, and from paragraph 324 the power expenditure is Ejl. 

{a) El = IR. 


The power required Eil ^ PR. 


{b) 


El 

V 


= cos <f>. 


Hence E, = V cos <f>, and the power required = VI cos <f>. 

, . . . , ^ J , ‘Vjcosf 

In terms of maximiim values it is cos <(> — 9 — 


Similar <^nsiderations would apply to the case of a resistance in series with a condenser, or a 
resistance in series with both an inductance and a condenser. For the condenser, the component* 
of voltage 90° out of phase with the current is also “ wattless,” since the energy associated with it 
and the current is alternately taken from and returned to the circuit with no losses, and the mean 
power expenditure over a whole cycle is zero. 


■A’326. Mathematical Proof of the General Case. —We are assuming the general A.C. circuit, 
in which the current is not in phase with the voltage. The voltage can therefore be represented by 
V = ^ sin <!>/, and the current by= J sin (tal ± <f>), according to whether it leads or lags 

At any moment the instantaneous power is the product of the instantaneous current and the 
instantaneous voltage, and is therefore 

tv = sin {i)f sin (to! ± . {cf. paragraph 262) 


2 


{cos (± <l>) — cos {2{xU ± <!>)}— 


JV 

2 


W 

cos ^ ~~ 2 ' 
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Since (2tof ± can take all values from 0 to 360° for the different values of f in a complete 
cycle, the second term in this expression has a mean value of zero. 

The mean value of iv over a complete cycle is therefore 


cos <f> _ 

2 \/2 \/2 

which agrees with the restilt of paragraph 325. 


cos (f>, or IV cos <f>, 


I = ^ and cos <f> hence IV cos I X IZ x ^ = PR, 


327. Power Factor.—For the general A.C. circuit, with reactance and resistance, an A.C. 
voltmeter across the supply would read V, the R.M.S. voltage, and an A.C. ammeter in the circuit 
would read I, the R.M.S. current. The product of these readings VI is termed the “ apparent 
watts,” since this is the power that is apparently being expended in the circuit. 

We have seen above that true mean power expenditure is VI cos and this is known as 
the ‘‘ true watts.” 


The ratio of the mean power supplied, VI cos tf>, to the product of R.M.S. voltage and current 
VI cos <l> 


VI, is given by 


VI 


-, or cos <l>, and this is defined as the Power Factor. 


Hence, True watts = Power Factor x R.M.S. voltage x R.M.S. current. 


, True watts Resistance R 

cos (p — - - = 

Apparent watts Impedance Z 

True watts can be measured by a wattmeter. 

„ , , , Wattmeter reading 

Power factor = cos <A = -----^-r ;—" -r- t -— 

Ammeter reading X Voltmeter reading 

The expression for Power, PR (true watts), may be looked on as a method of determining the 
resistance of the circuit, which may be different under A.C. conditions from its D.C. value, due to 
hysteresis, eddy currents, etc. 

We may thus define the effective resistance of an A.C. circuit as being 

True watts 
(R.M.S. current)* 

the true watts expenditure being measured by a wattmeter and the current by an A.C. ammeter. 


Example 44. 

Find the Power Factor, true watts, and apparent watts for the circuit given in Example 34 
above. 

True watts = P R = 2-83* x 10 = 80-09 watts. 

Apparent watts = VI = 50 x 2-83 = 141 -5 watts. 

Power factor — cos A = ^ = 0-5659, 

£t 17-D7 


or. True watts 
or. Power Factor = 


VI cos ^ = 50 X 2-83 X -5659 = 80-09 (again). 
True watts 80-09 


Apparent watts 141 -5 


0-5659. 


328. If we have measuring instruments joined up to a motor alternator as illustrated ini 
Fig. 147, then the ammeter and the voltmeter on the A.C. side will read the apparent watts, while 
the ammeter and the voltmeter on the D.C. side will give a measure of the true power being 
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expended in the circuit, together with the power required to overcome the frictional losses of the 
machine. 



watts expenditure is zero. 


If a reading of the D.C. ammeter be taken with the 
machine running, but with the A.C. circuit broken, and 
another reading when the A.C. circuit is completed, the 
power factor can be calculated. 

329. If the circuit contains nothing but resistance, or 
if it is in resonance with the applied frequency, then 
current and voltage are in phase, ^ = 0, cos <ft = I, and 
apparent watts = true watts. 

On the other hand, if the circuit contains inductance 
and/or capacity only, and no resistance, cmrent and voltage 
are 90° out of phase, <f> = 90°, cos ^ = 0, and the true 


330. Power Factor of a Condenser.—In the section on condensers in Chapter III, it was 
mentioned that various losses occur in practical condensers, which may be regarded as equivalent 
to resistances in series or parallel with the condenser. Again, it was shown in paragraph 310 that 
a parallel resistance can be replaced by an equivalent series resistance. 

Let the total equivalent series resistcuice be R. For such a condenser, C, the current will not 

lead the voltage by 90°, but by an angle ^ less than 90°, whose tangent is The power 

absorbed by the resistance will be VI cos <f>, and cos ^ is known as the Power Factor of the 
condenser. 


In general, if the losses are small, the phase angle of the condenser will not differ much from 
90°, and cos <f> will be a small quantity, usually of the order 0-0001 or 0-001. 


Now cos <f> = -^ = 


R 






When R is very small compared with R* may be neglected in the denominator, giving 


Power Factor = cos <ft = coCR. 

The expression VI cos ^ for the power absorbed by the equivalent series resistance is, of course, the 
power actually absorbed by the condenser owing to its various losses. 

Also cos <f> = sin (90° — 4) ^ ^ in circular measure, as the angle (90° — <f>) is small, so 

that the Power Factor may be taken as the angle which is the difference between 90° and the actual 
angle of lead of the current on the voltage (expressed in radians). 

This angle is sometimes referred to as the “ phase difference '* of the condenser. 


Example 46. 

A condenser has a capacity of -OOljiF and a phase difference of 1°. Find its equivalent series 
resistance, and the power absorbed by the condenser when an alternating voltage of 100 volts is 
applied to it at frequency for which u as I0< 


oC 


10« X -001 


= •001 ...-i- 


J_ 

‘ caC 


10* 


1,000 ohms. 
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Since the phase difference is small, it is approximately equal to the power factor, and each 
may be taken equal to wCR. 

I ° (in circular measure) — wCR. 

1 X TT 

w 

iio 1,000= 17-5 ohms. 

V 1 

= —z= VwC approximately (since R is small compared with ^). 

100 

= rooo =0-1 ampere. 

.•. Power consumed = I*R = 0-01 x 17-5 = 0* 175 watts, 
or Power = VI cos ^ = VI x phase difference = 100 x 0 -1 x 


= -j|g = 0-175 watts. 


331. Rating of Alternators.—Makers of alternating current machines rate their machines 
as being capable of delivering so many kilo-volt amperes (k.V.A.) and not as capable of delivering 
so many kilo-watts (kW.). 

That is to say, they guarantee that the machine will generate a certain voltage if kept revolving 
at the correct speed, and that it will stand a certain current without overheating. 

They cannot guarantee it as being capable of producing a certain power under all conditions, 
because they do not know the nature of the load the user is going to put on it. 

For any circuit drawing a lagging or leading current we have 

True power = I (V cos 6).in watts, 

and, clearly, for the same power I will be least when 0 = 0. When 0 is large, I must relatively be 
very big for a given power. 

For example, if a machine guaranteed to deliver 5 kW. at 200 volts were put on to a circuit 
having a power factor of 0-7, it would then have to supply an apparent power 5000/0-7 = 7143 
watts, so that the true watts (5,000) should be equal to the apparent watts (7,143) multiplied by 
cos <ft (0-7). 

This would necessitate a current of 7,143/200 = 35-7 amps, instead of 5,000/200 = 25 amps. 
The increased heating effect would damage the machine. 

A machine might be labelled—1 i kW., 0-8 P.F., 1 -875 k.V.A., 60 volts—this means that with 
a P.F. of 1, the machine will supply 25 amps, at 60 volts. One is also told that the machine can 
give up to 1,875/60 = 31-2 amps, without overloading ; this corresponds to a P.F. of 0-8. 


COUPLED CIRCUITS. 

332. Methods of Coupling—Classification.—When two circuits are so arranged that 
energy can be transferred from one to the other, they are said to be coupled. Methods of coupling 
may be classified into direct amd mutual coupling according to the nature of the path connecting 
the one circuit to the other ; in this way three distinct types are formed :— 

(a) Mutual coupling has already been encountered when discussing mutual induction, where, 
owing to the proximity of two inductances the chan^g magnetic field due to a changing current 
in one sets up voltages across the other. The two circuits are entirely disconnected (Fig. 148). 
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Direct coupling may be of two types:— 

(6) In one type, the two circuits may contain a common impedance, the actiial portion of the 
circuit which is common being a resistance, an inductance, or a capacity (Fig. 149). 

(c) In the other type, the two circuits may be connected together through an impedance, 
which does not form a part of either individual circuit (Fig. 150). 


These different types are illustrated below. 



impedance may be a resistance, as in Fig. 149 


Mutual Coupling. 

There are two types of mutual coupling, of 
which Fig. 148 (a) is by far the most common. 
In both there is a field common to both circuits, 
in (a) magnetic, m (b) electric; (a) is called 
mutual Inductive coupling, or mutual mag* 
netic coupling; (i) is called mutual capacitive 
or mutuid electrostatic coupling. 

Direct Coupling of the first type. 

With this type of coupling, the common 
) an inductance as in (6), or a capacity as in (c). 


(a) is called resistive coupling. The voltage drop due to the current in one circuit acts 

as an applied E.M.F. in the other. 

(b) is called inductive, or auto-inductive coupling, to distinguish it from the previous 

case of Fig. 148 (a). The E.M.F. set up across the inductance by a changing current 
in one circuit act^ as an applied E.M.F. in the other. 

(c) is called capacitive coupling. A changing current in one circuit sets up voltage 

variations across the condenser, which act as an applied E.M.F. in the other. 


Direct Coupling of the second type. 

Fig. 150 (a), (6) and (c) respectively show types of coupling in which the two circuits Lj Rj Cj 
and L| R, C* are connected by a resistance R<„ an inductance Lj, and a capacity Co, these impedances 
not forming part of the individual circuits. n 

“^e case of Fig. 150 (c) is very commonly seen, either in this simple form or with another 
coupling condenser C'o in the lower limb of the circuit, in this case shown dotted (c/. Fig. 29, Section 

“ F,” and Fig. 21, Section “ K ”). The simple form is sometimes referred to as “ top capacity 
coupling.” y y 7 

“l^e general division of coupling could have been made otherwise, of course, into resistance 
coupling, electromagnetic coupling and electrostatic coupling, these three subdivisions incorporating 
all t}?pes in which the coupling between the circuits is due to resistance, inductance, or capacity, 
whether direct or mutual. 

The important types of coupling are those referred to above as:— 

(1) Mutual Inductive. Fig. 148 (a). 

(2) Resistive. Fig. 149 (a). 

(3) Auto-Inductive. Fig. 149 (6). 

(4) Direct Capacitive. Fig. 149 (c) and Fig. 150 (e). 

are ajm certain types of coupling known as “ .mixed couplings ”; they are usoattll 
a d inductive and capacitive coupling (cf. Fig. 34, Section “ D "). 
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333. Free and Forced Oscillations In 
coupled circuits.—Two types of oscillatory 
action occiuring in coupled circuits are of 
importance in W/T circuits :— 

(a) Free’ Oscillations.—In this case 
two circuits are coupled together 
and one is set in oscillation, the 
energy being transferred to the 
other by means of the coupling. 
There is no continuously applied 
E.M F. Since the theory of free 
oscillatory action in one circuit 
alone is not considered until 
Chapter VII, the more compli¬ 
cated theory of the frequencies 
at which two coupled circuits 
oscillate freely will be postponed 
till then 


(b) Forced Oscillations.—In this case a 
source of alternating E M.F. is included in one of the two circuits which are coupled 
together. It is found that the degree of coupling has an effect on the frequency 

to which the circuits are resonant. 
If the coupling is small, and the 
two circuits are separately resonant 
to the same frequency, they will 
continue to be resonant to that 
frequency when coupled together ; 
but, if the coupling is increased, 
they will be resonant to two 




Fig. 150. 


frequencies of numerical value 
dependent on the nature of the 
coupling. 

The presence of the second circuit also affects 
the resistance and the reactance of the first circuit 
to an extent depending on the degree of coupling 
(paragraph 337). 

These effects will now be considered in more 
detail. 


334. Forced Oscillations, Equivalent Resistance and Reactance.—^Let us take the case 
of mutual inductive coupling, and let the constants of the circuit be as shown in the following 

figure:— 

—1 currents flowing in the circuits (1) and (2) are Ij 

* SE JL If Let the frequency of the applied voltage be f, and 

© let2j^*=«. 

® ® T voltage induced in circuit (2) by a current Ij in 

’——' circuit (1) is E, « «MIi. 

M wMI 

The secondary current is I, =<* ~=—^ which lags or leads 

Fig. 151. 

on by an angle 6 whose tangent is 

I’Hiil content mw therefore be split up into two compioients, 1. ibos ^ in tdiase with E., and 


Fxo. 151. 
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Now 1, cos ^ sa I, S-* and I, sin ^ = I, 

^Equivalent Resistance.—^The component of current I, cos ^ gives an induced voltage in 
circuit (1) equal to wMI, cos ^ or mMI, and lagging 90® on I, cos 

Since the voltage E„ with which I, cos ^ is in phase, lags 90° on the current Ii, and the induced 
voltage in circuit (1) 1 j^ 90° on I, cos this induced voltage in circuit (1) is 180° out of phase with 
the current in circuit (1). 

It is therefore equivalent to an E.M.F. in circuit (1) 'acting in direct opposition to the com¬ 
ponent of the applied voltage E which is driving the current Ij through the ohmic resistance of 
circuit (1), and so we can say that the in-phase component of the applied voltage less the induced 

E.M.F., toMIj sr, is equal to Ij Rj. 

For simplicity, write the in-phase component of E as E* and the 90° out-of-phase component 
as Ex. 

, i.e. E® is in phase with Ij, and 

Ex is 90° out of phase with Ij. 

Then Eb - oMI, §-* = l^R^. or Eb = IiRi oMI, 


B„t I, = I.R. + ..■Mn. I. (^R. + 

This'is equivalent to saying that the apparent resistance of circuit (1) is increased from 
/ o)*M* R.\ 

Rj to ^Ri H-Z"* / coupled to circuit (2). 

^Equivalent Reactance.—^The reactance in both circuits will be assumed inductive, so that 
the currents lag on the voltages. 

The component of the secondary current I, lagging 90° on the secondary E.M.F. E, is I, sin 
This component gives rise to an induced E.M.F. in the primary circuit of value coMIj sin or 
X 

coMI, lagging 90° on I, sin and therefore lagging 180° on E,. Ej lags by 90° on the primary 

* X 

current Ij, and so uMIj -sr* lags by 270° (i.e., leads by 90°) on Ij. 

X 

Hence coMI, is in phase with Ex. 

Hence Ex + «MI, ^ = Ij X^. 

a)*M* 


R« 


o)*M*R; 


Ex = Ii(X»-^X, 

'This is equivalent to sapng that the apparent reactance of circuit (1) is decreased from 

/ \ 

Xj to (Xj-^ X,j because it is coupled to circuit (2). 

As might be anticipated, the equivalent resistance and reactance are obtained in the case of 
auto-inductive coupling by substituting uL^, and in the case of capacitive coupling by sub¬ 
stitutingfor o)M in the above results. 

The complete theory of resistive coupling, as in Fig. 149 (a), leads to a slightly different result, 

* R • . 

viz. that the equivalent resistance is decreased from R^ to R^ — yV Ra> while the equivalent 

R * 

reactaime is inoreased from Xj to Xj + X^ 

* e a 



m- 
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Example 46. 

Two circuits LiRiCj and are coupled mutually. 

Lj = 200 {aH, Rj = 15 ohms, Ci == -0055 (aF. 

L, = 96 jaH, R, = 8 ohms, C| = -Oil (aF. 

M = 15 (aH. 

10* 

An alternating voltage of 100 volts at a frequency ^ is applied to L^RiCi. 

valent resistance Ri', the equivalent reactance X^' and the currents and I,. 

10 * 

fa — 2jt X ^ = 10* radians per second. 

_ 200 

JQ, 

. • . Xj = 19 ohms, Rj = 15 olims, 

96 

X 10* = 96 ohms, and — tt- == — ttt , = 91 ohms. 


Find the equi- 


1 10 * 

10* = 200 ohms, and -pr —■ rx. —- 
wCi 10* X 


0055 


= 181 ohms. 


,0. 

. • . X, =* 5 ohms. 
6>M = 10* X 


Zj = 24 ohms. 
1 10 * 


15 

10 « 


Rj = 8 ohms. 
= 15 ohms. 


10* X -Oil 
. • . Z- = 9-4 ohms. 

* a 




Z. 


Equivalent resistance Rj' = R^ + 

/wM' 

Equivalent reactance Xj' = — 

100 _ 

Z'l V35* + 6*2* 

riir«.nt T - _ 

v/Urrcnt 2 ■ 


R,= 15 + 


ny 

)-4/ 


■x, 


Current 


100 


= 2*82 amps. 


X 8 = 35 ohms. 


X 5 = 6*2 ohms. 


35*5 
15 X 100 , 

35 ^ 3 - 5 ^^= 4-50 amps 


-s Zy Z, 

Since the total reactance in circuit (1) is inductive, the circuit may be said to be equivalent 
to a resistance R^ = 15 ohms and a self-inductance L given by (Lj 


= ( 


m 

10 * 


10 * 




henries = (200 - 181) (aH = 19 (aH. 


10“ X •0055y 

This result could also have been obtained by dividing the inductive reactance wL =19 ohms 
by o = 10*. When circuit (1) is coupled to circuit (2), however, its inductive reactance is only 
6*2 ohms, so that its self-inductance is 6*2 jaH Therefore, coupling the circuit to another circuit 
has increased its resistance from 15 to 35 ofains and at the same time decreased its inductance from 
19 to 6-2 |aH. 

An example is given below in which the primary current is known and it is desired to find the 
current in the secondary circuit. This corresponds to practical cases that occur in W/T, for example, 
the reading of an ammeter coupled to an oscillatory circuit by means of an ammeter transformer 

Example 47. [Fig. 152.] 

Let the primary current Ij be 10 amps., the mutual 
inductance M be 5 (aH, the secondary inductance L, be 
10 (aH, the resistance of the ammeter R, be 20 ohms, and 
— let <i> be equal to 10* radians per second. 

Then E, = <i>MI, = 10* x X 10 = 50* volts. 


«a 




^Oy’HgjsiAHj 


Fio. 152. 


»L, = 10* X 


10 


10 ohms. 


Xg = WA.g iv /\ 

Zf« Vr,« -f- Xj* = VWVW 
** ^ “ 2*237 amps., 


10 * 


VSOO •“ 22*37 ohms. 



ev i;eadm® will be amps., whim tli6 ptimaiT' current is 10 amps. 
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335. Forced Oscillations. Resonant Frequencies for Tight Couplings .—From the 

results of the last paragraph, the complete formula for and Ij in the general case are 

I _ E _ E 

Ij — 7 / — 


/r„ /wM\. fl /wM\* 1* 

•V **■ (zj ^*J + (zj 




ojiHi <»)ME 


toJUE 


Zi'Z, 


,\/ Ei+ 


/o^Y 

UaJ 


R 




If the reactance term is put equal to zero in the expression for the impedance given in the 
denominator above, Ij will be in phase with the applied voltage and the solution of the equation 

<o*M* 

Xi - Xj = 0. 

will give the primary resonant frequency. 

We shall first assume that the resonant frequency is not close to the frequency at which X* = 0, 
so that we may consider the resistance R| to be so small compared with Xg that it can be neglected, 
and therefore Zg = Xg. 

&>*M* 

Hence Xg Xg - - 3 ^, 


or = Xi Xg 

1 \ / . I '\ 


a)*M2 - [aLj, (^wL, w^LgLg (^1 

Ci>0 

Let the two circuits be separately timed to the same frequency 

Then K)* ^ 


1 - 


1 


ca^LgCg/’ 



a>*M» = o>*LiLg (1 

M* 


1 

LjCg LgCg 

K)*Vj 
/ 

a.a 


K)*\ 

a>» ) 


■ iK-.-M’ 

or (coo)* = (i>® (1 dh K) 
(Oq = <i> V1 ± K 


Hence, w = 


VY±K 


or/ = 


/« 


Vi ±k’ 


Fiq. 153. 


Thus, under these conditions, there are two frequencies 
of resonance in the primary response curve, one higher 
and one lower than the individual equal resonant frequencies. 
This formula is true for resistanceless circuits, and givw 
satisfactory results whenever the two frequencies are appreci¬ 
ably separated. The coupling factor K varies from zero to 1 
(or it may be expressed as a percentage), as the circuits vary 
from the uncoupled to the perfectly coupled state. When 
K = 0, there is only one resonant frequency; when K »■ I 

there is also only one ®i“ce the second is infinite in, 

value 
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In many cases K is relatively small, and the two resonant frequencies {fi and /|) are then 
approximatdy equally spaced about the separation between the current peaks being 

given by /^ — /, K/, (c/. F. 19). The bigger the value of K the more the peaks separate ; Fig. 

153 (a) gives a comparison between the resonance curve of a series resonant primary circuit, 
virtually by itself when K is small, and of the same circuit with a tighter mutual coupling to 
another similar one, the secondary circuit. 

The two resonant frequencies may be physically accounted for by reference to the equation 
Xj _ “ 2 ~ paragraph 335. Neglecting R, in comparison with X,, we have 

Z,* = X,* and Xj - = 0. 

■^1 

At frequencies below the common resonant frequency, the series reactance (Xj) of the primary is 
capacitive, and the coupled-in reactance is rendered effectively inductive by the minus sign in the 
equation ; resonance occurs when the two reactances balance. With a bigger mutual inductance 
(tighter coupling) the coupled-in reactance is bigger and the hump frequency has to move further 
firom the common resonant one. At frequencies above the common resonant one Xj is inductive, 
and resonance occurs when the coupled-in capacitance exactly balances it. 


336. Weak Couplings and Optimum Coupling.—For weak couplings o approaches 6>«, 
the assumption that is negligible in comparison with X, ceases to be valid, and the formula 
(0 = (Oq/v/ 1 d: N gives erroneous results. 

We may now put Xj == X, = 0, hence.(paragraph 335) 

I _.(1) 

~ RjR, + a)>M* 


Ri + 


toMIi . 
and I, = = 


!.V[r. 


+ 2 * R« 


, (paragraph 335) 


• • • R.Rj + o)*M* . 

In all cases the secondary current Ij is determined by Ij, in so far as we may assiune that the 

factor is independent of the frequency. This assumption is vaJid when the coupling factor 

K is big, the primary and secondary current maxima then occurring at sensibly the same frequencies 
given by « = coo/V 1 ± K. 

When K is small, wM/Z, is dependent on the frequency, and the above formula gives false 
results for the primary current resonance peaks, and still worse ones for the secondary. From the 
approximate formula (2), or the accurate formula for I, given in paragraph 335, by differentiation 
it may be shown that maximum secondary current occurs when RjRi = «*M*, a simultaneous con¬ 


dition for this optimum coupling being Xj — 




The secondary current curve is 


always single humped, but reaches Its maximum maximum value when the coupling 
is such that RiR, — cd*M*. 

An alternative way of arriving at the optimum coupling condition, is to regard the primary as 
s source of energy, like a battery, and the secondary considered to ^ the load. In accordance 
with well-known electrical principles, maximum power will be delivered to the load at resonance 
adicn the coupled re^tance is equal to the resistance of the primary (c/. R.35). From paragraph 
334 we have, therefore, 

Rj ■« " 2^ ' I ' "” •m -g— at resonance. 


Bibce RjR, a- t»*M* for optimum coupling 
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NowM = KVl^, RiR,=-«*K»LiL, 



Hence, for optimum coupling, K 




.(c/. F. ,19). 


This expression gives the “optimum coupling** for maximum transfer of energy from 
primary to secondary, and hence for znaximum secondary current. When Qj =» Q we have 

K =*g ; normal values of Q in receivers range from 100 to 200, the critical value of K for these 

circuits, therefore, ranpng from 1 to J per cent. For diagrammatic purposes in Fig. 153, K « 0*01 
is assumed to give optimum coupling. 

When K is below optimum value there is normally only one hump in the primary response 
characteristic, as in the case of the curve for K = 0*001 of Fig. 153 (a). The primary current curve 
is almost the same as though there were no attached secondary. The secondary current curve 
follows the general shape of the primary, the current being a maximum at the common resonant 
frequency, when the induced voltage has its maximum value, although not its maximum maximum 
value. 

As K increases to the optimum value, each circuit begins to affect the other. The coupled- 
in impedance lowers the primary resonant current peak, and flattens the resonance curve. This, 
in turn, broadens the secondary current curve, since the induced voltage changes less with frequency. 
At the same time, the secondary induced voltage becomes greater and the secondary current larger ; 
the energy transferred to the secondary increases. Equations (1) and (2) show these changes 
clearly ; as increases, the primary current Ij decreases, and Ij increases until co*M* = R^Rj. 

When K reaches its optimum value there is still only one maximum in the secondary curve, 
given by (2) above, the secondary current peak occurring at the common resonant frequency. 
Under these conditions it can be shown that the primary current curve is slightly double humped. 
The actual optimum value of Ij is given by substituting co*M* = RiRi in (2). 


Thus— 


E 


j _E\/R,R,_ 

* 2 RiR, 2VR,R, 


2 R, 


... .if R, = R,. 


It should be noted that the above value for I, is the same as that given for I,, from equation (1) 
when R, = R,. 

For higher values of K the humps in both curves begin to be pronounced, being quite 
noticeable for a value K equal to twice the optimum coupling; this corresponds to 

= 2RiR, =. 2Ri» .if R, = R,. 

In each curve the humps occur at about the same frequency, but the lower impedance of the 
secondary makes the current drop between the secondary humps relatively less than that in the 
primary. 

The magnitude of the current peaks decreases as the coupling increases, slowly at first but 
more rapidly afterwards. For values of only slightly greater than RiR,, the si*e of I, tends 

6}M 

to remain constant. This follows from the general formula I, = coMIi/Z,; the ratio only 

changes slowly for values of wM not much in excess of that used for optimum coupling. 

In W/T circuits, interest usually centres on the secondary current. The couplings employed 
vary from slightly below optimum coupling, in the case of stiffly tuned R/F amplifiers in purely 
telegraphic apparatus, to various degrees of overcoupling, when band-pass effects are desired. 

From the point of view of the primary current, the mathematical treatment of weak couplings 
in the region of optimum coupling is subject to serious difficulties. For tight couplings, the equation 

(paragraph 335). Xj — —.y > * = 0, has two solutions; Z,* only changes slowly with the 

a4 
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and is put equal to X,*, and the two resonant frequencies (Ij in phase with E) correspond very 
approximately to the frequencies of maximum primary current, i.t., the positions of the humps. 

For weak couplings, the above equation has three solutions, = X, = 0, and the two solutions 
givra by = R,* + X,*; Z,* dxanges very rapidly with frequency, and becojnes the factor 
mainly controlling the current maxima, i.e., the “ humps.” Moreover, in general, the resonant 
frequencies are no longer nearly the same as those which give the maxima, or peaks, in the primary 
response curve. 

The mathematical determination of the primary maxima presents considerable difficulty, and 
the truth of the statements made above in regard to optimum coupling may best be demonstrated 
by actually plotting the curyes. It will be found that the optimum coupling giving one maximum 
of secondary current is slightly greater than that required to give only one maximum in the 
primary, i.e., the primary response curve will be slightly double humped when the secondary has 
optimum value. 

For convenience in making any calculations to verify these points, the general formula for 
Ij (paragraph 335) may be altered in form to suit the special case where Xj = Xj and = Rj. 

Thus— 


Ii = 


E 






7 * 


Zj* 


Put Xi = X, and Ri = R 
_ _ E 


I, = 


* + Ri* + XiV + \ ‘ liji + Xi*/ 




v'l R < + X 1 + — 

'^1“' +-^'A +R.>+X,V ^R.* + X.» 


Ea/Ri« + X^a 


V(Ri» + Xi* + co*M*)» - 4waMaXi* 


EV Ri» + Xy* 


V (Rj* - Xj* + o>*M*)* + 4Ri*Xi» 

This result may also be more quickly deduced from the work of paragraph 348 (6). 


337. Coupling Factors.—For all the other types of coupled circuits which have been con¬ 
sidered in paragraph 332 similar results are obtained, given certain conditions as regards the 
resonant frequencies of the separate circuits. Thus, for auto-inductive coupling, the resonant 
frequencies are given by 

provided (L. + LJ = (L, + LJ C, = . 


• Fig. 149 (6). 


X 


For capacitive coupling —Fig 

_* T .. _ I 


* Lft X 


149 (c)—the resonant frequencies 
in other words, provided the 


are 




products of the total 


inductance and the total capacity in both circuits are equal. 

The coupling factors K appropriate to each case are given below. 

^ It can be proved that, for all other types of coupled circuits, except mutually coupled circuits, 
conditions from those just quoted will give different results as regards resonant 
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In the case of mutually coupled circuits, the circlits are entirely disconnected, ^d the resonance 
as regards the individual circuits can only have theicneaning we have assigned to it, that 
I 

LiCi = L,C, = ^. 

In the other cases, however, different conditijis may be applied to the separate circuits. 
Thus, for auto-inductive coupling, if we choox the condition that L.Cj = L»C, = LC, 

the combination of circuits will be resonant to tli^ frequencies 

1 


2nVLC 


and- 


27C 


V 


J_ 


Lm\ 




one of which is seen to be fixed and independent of the coupllrg. ^ 

Also, for capacitive coupling, if we choose the condition that = L,C» = = LC, the 


combination of circuits will be resonant to the frequencies 

* and ^ 


27i:VLC 


2n 


V 


LC 1 - 


+ Ct 

+ C, + C| 


J 


one of which is fixed and independent of the coupling. 

In fact, the latter two cases may be considered more likely to represent practical conditions. 
For example, with capacitive coupling, the two circuits will not remain tuned for different values of 
C„ unless C, = C^. 

A simple formula for the two resonant frequencies in terms of K, a coupling factor, can therefore 
only be obtained in certain special cases. In spite of this limitation to the usefulness of K, it 
remains a valuable constant affording a measure of the extent to which one circuit affects the 
other, i.e., the “ tightness " of the coupling between them. 

By analogy with the well established meaning of K in the case of the mutual inductive coupling, 
the coupling coefficient, or factor, may be defined as “ the ratio of the mutual or common 
reactance of the two circuits to the square root of the p roduc t of the total similar react¬ 
ances in the separate circuits.” In symbols, K = X„/VX,X,. If Xj = X, = X„ we have 
K = 1 ; any current flowing in X^ will also flow in X„, and, hence, the P.D. developed across Xj 
will also be developed across X„, and will thereby be applied to the secondary circuit. In practical 
cases, although Xj may be equal to X, it is seldom equal to X„, and only a fraction of the P.D. 
developed across Xj is applied to the secondary ; that fraction is given by the value of K (c/. the 
argument on coupling develoj)ed in F.39). 

Analytically, the mutual reactance may be obtained by finding the voltage generated in the 
second circuit when an alternating current of 1 ampere flows in the first. 

From the above definition of K, for the case of mutual inductive coupling. Fig. 148 (a), the 
coupling factor is 

__M_ 

Vo) (Li + LJ X a> (L, + L») “ V(Li + LJ (L, + L») 
which agrees with the value of K already given in Chapter III, where L, and L» were zero. For 
the case of auto inductive coupling. Fig. 149 (6), the common reactance is wL*; the separate total 
similar reactances of the two circuits are 


Cl) (L, + L„) and (L» + L J 


so that K 


L, 


V(L. + LJ(L.-}-LJ- 


For the case of capacitive coupling. Fig. 149 (c), the common capacitive reactance 



hImm 
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The ca|»«citive reactance of the circuit C, C* L j i6 given by == ^ ^ 

and a similar expression holds for the capacitive reactance of the other circuit. 

1 


1 C, 4- 
o> C,C„ ' 


K= 


<dC, 


^ (I) 


V c. + c, i.c»+c« 

C.c. ^ C.C«' 


w 


c.c> 


(C. + CJ(C*+ CJ. 


For the cases illustrated in Fig. 150 (d) anMc), where the direct coupling is by means of an 
inductance or capacity not included in either cffcuit, formula may be obtain^ as follows :— 

Fig. 150 (6) ? K = A/IZZIS~n 
'' V /f^lTTTr” 


(L, +1^) (L, + L.) 

Fig. 150 (c): K = _ 

v(Ci + Co) {C, + C.). 

Fig. i3i) (c), with condenser C'# in the bottom hne : K = 


C' 


C' 


CoC; 


V(C, + C') (Cl + C')' 


where 


Cj 4- C 0. 


In these cases the “ mutual reactance * ’ can only be obtained by finding the voltage generated 
in the second circuit when a current of 1 ampere flows in the first. It is not proposed to caury out 
this investigation here, but the results are quoted for reference. 

For the most common type of coupling, viz., mutual inductive, the coupling factor K may be 
increased in one of two ways ;— 

(a) By moving the coupled coils closer together. 


(b) By increasing the inductances of the two coils, Lj and Lj, which take part in the 
mutual inductive action, and decreasing the inductances of the two coils L, and 
L», which do not so take part, in order to maintain resonance in both circuits. 

For auto-inductive coupling, K may be increased by increasing the common inductance L„ 
aod decreasing L, and L» to maintain resonance. For capiacitive coupling, K may be increased 
by decreasing the value of the common capacity and increasing C, and C» to maintain resonance. 
For capacitive coupling of the t 3 q)e illustrated in Fig. 150 (c), K is increased by increasing Cj. 


338. Transient Conditioas. —It must be remembered that the relationships between current 
and voltage developea throughout this chapter are those which pertain during “ steady " con¬ 
ditioas. When a switch is suddenly made in a circuit containing inductance or capacity, there is 
a period of transience, diu-ing which the current flowing is a combination of the forced oscillations 
we have considered and of " free " oscillations at the “ natural "frequency of the circuit. The latter 
ultimately die away, leaving only the forced oscillations which continue until the switch is broken. 
The theory of free oscillations is considered in Chapter VII. 


THE OPERATOR “ J.’^ 

339. A short account of the use of the mathematical operator (= V — !), in solving 
alternating current problems will be given in the following paragraphs. This method is to be recom¬ 
mended for the simplification it introduces in writing doMoi the equations necessary for the solution 
of any problem. It does not shorten the computation required to obtain a result in cases which 
can be treated as a combination of impedances in series and parallel, but its use, or that of some 
equivalent operator, is essential in analysing more complicated circuits such as alternating current 
bddfe rwtweito. 
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The idea of number was originally confined to the positive whole numbers or positive integers, 
and its first extension was to positive fractions or ratios of one positive integer to another. The 
next discovery Was that it was not always possible to represent exactly the ratio of one length to 
another as a fraction whose numerator and denominator were integers. Two simple examples are 
the ratio of a diagonal of a square to its^ide {s/2), and the rdtio of the circumference of a circle to 
its diameter (tt). Such numbers as \J2 and n are called incommensurable. The introduction of 
the Arabic notation for numbers, in which the value of a digit is indicated by its position in a 
number, led to the use of zero as the number to which small numbers tend as a limit. For instance, 
in 123, 132, 312, the digit 3 represents successively three, thirty and three hundred. To represent 
thirty it is necessary to have another digit (0) following the (hgit 3, to indicate that 3 stands for 
3 tens, and yet this other digit must not increase the size of the number as would be the case if 
1, 2, etc., were used. Hence arose the necessity for the symbol 0. A logical extension of the 
idea of large numbers to indefinite limits gives infinity (<») as the other end from zero of the list 
of positive numbers. 

The operation of subtraction led to the idea of negative numbers. The answer to the problem 
7 minus 3 can be given purely by the use of positive numbers, the answer being 4. But if the 
converse problem 3 minus 7 is considered, no positive number can be found which represents the 
result. The answer is obviously exactly the opposite of the answer to 7 minus 3, and so we are 
led to the idea of the number —4, which represents the exact opposite of the number 4- 4. The 
ideas of negative fractions, incommensurable numbers and — <» are now an easy extension. 

All the numbers between — oo and + w so far considered are called “ real ” numbers. 

340. Operators.—Consider the problem 7 -f 3- The plus sign really stands for two separate 
things;— 

(1) If indicates the positive number + 3. 

(2) It tells us that this number, + 3, is to be added to 7. In other words, it indicates 

the operation to be performed on -f 3. 

Similarly, in the problem 7 — 3, the minus sign can either be looked on as indicating the 
number — 3, in which case the problem tells us to perform the operation of addition of — 3 to 7 
[7 + ( — 3)], or it may be taken to mean the operation of subtraction*of + 3 from 7 [7 — 3)] 

Thus, plus and minus signs, as well as being marks distinguishing numbers of opposite kinds, 
may also be considered as marks representing the operations of addition and subtraction. 

341. Imaginary Numbers.—Even in quite elementary problems it is found that the answer 
cannot alwa ys be expressed as a real niunber. Consider the square root of a negative number, 
e.g., V — 4. No real number can be found such that when it is multiplied by itself, the answei 
is — 4. Suppose we proceed as far as possible in the solution :— 

VZl = V4ir^T = V4 X V“l =±2V~1 
since V4 is ± 2. 

The problem of giving a meaning to the square root of any negative number thus reduces to 
that of findin g a m eaning for V — 1. For convenience, V — 1 is usually written as j. 

Thus V— 4 =3 ± 2y. 

A number such as 2j is called an imaginary number. In other words, an Imaginary number 
is any real multiple, positive or negative, of j. The name “ imaginary number " should be looked 
on as a techniccd mathematical term, in the same way as is “ real number.” As regards their 
mathematical behaviour, it can be easily shown that all the ordinary mathematical operations such 
as addition, multiplication, etc.,. Ipay be performed«in exactly the same way for both real and 
imaginary numliers. The protrf Of tibis cannot ^ given here, but may be found in any textbook on 
Algebra. 
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Since/ «= V 
Siinilarly,/* 

3 * 

1 


-- 1, it.follows that/* = — 1. 
=/• X / = -- 1 xj==—j, 

=/* X /»=» - 1 X - 1 = + 1. 




—/, aiid so on. 


342. Complex Numbers.—^These are numbers whidi contain both a real and an imaginary 
part, e.g., 2 + 3/, 5 — 4j, etc. 

Any complex number may thus be taken to be of the form a + bj, where a and h are real 
numbers. 

- 00 -*— -*-+00 


-1 ■<-1-1-1-1—f- 

-a, a 

-3-2-10123 

Repressntation of Real Numbers. 

Fig. 154. 


343. Graphical Representation of Numbers.—^All real numbers may be represented as 
points on an infinitely long straight line, as indicated in Fig. 154. Zero is fixed at some point 0 
in the line and the other real numbers filled in on any convenient scale. The line extends an infinite 
distance in both directions from the zero point, positive numbers being represented by points to 
the right of 0, negative numbers by points to the left of 0. It can further be shown that every 
point on the line corresponds to a real number. If we could magnify the line indefinitely after 
every real number had been given a place on it, no gaps between its points could be observed. It 
follows, therefore, that there is no possibility of representing the imaginary numbers on this line. 

In obtaining a graphical representation for imaginary numbers, we turn to the interpretation 
of / as an operator. In deriving an imaginary number from a real number, the real number is 
multiplied by/. 

Consider the simplest real number, unity. 


1 X / X / — 1 X /• = 1 X — 1 = — 1. 

The performance of the operation / twice over, (/*), on + 1 converts it into — 1. Reference 
to the line representing the real numbers shows that we may arrive at the point — 1, from the 
point -f 1, by turning the line 01 through 180®. This turning movement may be performed clock- 
Mrise or counter-clockwise. We may thus interpret the operation of multiplying -f 1 by /* as 
equivalent to turning the line01 through 180®. Multiplying by/* is the same as multiplying by/ 
twice in succession. Thus multiplication by/ may be interpreted as the operation which, performed 
twice in succession, gives a rotation of 180®. It follows that multiplication by / may be given the 

180® 

meaning of a rotation through = 90®. 

J ust as a positive number has two real square roots, e.g., V4 — ±2, so we saw that the opera¬ 
tion V — 4 gave formally two roots •+■ 2/ and — 2/. The fact that the operation of turning through 
180® above may be accomph'shed either in a cloc kwis e or counter-clockwise direction enables us to 
give a meaning to this formal result. Thus, V —4 may be represented by turning the line 02 
through 90® either counter-clockwise or clockwise. Counter-clockwise rotation through 90® 
is taken as the operation of multiplying a number hy +j; <4ockwise rotation through 90® 
as the operation of multiplying a number by —/. 

As-ra —/, the operation of dividing by / may iiiso be! ||tiih^ted as a clockwise rotation 
through 90®, and so appears as the reverse of mul1%|;^g by /, as we should expect. 
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Imaginary nuihbers may thus be represented graphically by drawing a line through the point 
0 at right angles to the line representing the real numbers. All real multiples ofy are represented 
by points on this line, which extends an infinite distance in both directions. The graphical repre¬ 
sentation of real and imaginary numbers thus assumes the form of two axes at right angles as 
shown in Fig. 155 (a). It is called the Argand Diagram. 

A complex number may be represented on the Argand Diagram by a combination of the 
operations which give the representation of real and imaginary numbers. Consider, for example, 
the number 2 -f The operations to be performed are :— 

(1) To traverse a distance of 2 units to the right of 0 along the axis of real numbers. This 

brings us to the point 2. 

(2) Having arrived at point 2, to turn through 90° counter-clockwise and traverse three 

units in this new direction. We thus arrive at a point (A) in the plane of the 
diagram which represents the number 2 -t- 3y. 

The complex number 2 -f- may be considered to be represented either by the point A or 
by the line OA, just as 2 is represented by the point 2 or the line 02. 

It will be seen that to specify OA completely, not only its length must be given, but also its 
direction with respect to one of the axes. 


AKIS OF 

IMAAtNAAr NUMMCfei 



ARdANO BIAQRAM 

(a) (6) 

Fig. 155, 

The line OB, for instance, has the same length as OA, but has a different direction. It represents 
the number — 2 -f 3;. Similarly OC represents —2 — Zj and OD represents 2 — 2j. 

The representation of complex numbers is thus a vectorial representation. Complex 
numbers are equivalent to vectors on the Argand Diagram. It is this result which furnishes 
their utility in alternating current problems. 

The vector addition law, i.e., the parallelogram law, can easily be seen to apply to complex 
numbers. We may represent two complex numbers by a +y5 and e -|- jd, where «, h, c and d are 
numbers. 
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Addition by the ordinary rules of algebra gives their sum as 

a jb c jd {u -{• c) -\r j {b + <f)i 
i.e., their sum is another complex number. 

a +jb is represented by OA in Fig. 155 (J), and c +jd by OB. The parallelogram OACB is 
complete. It is easily seen from the figure that OC, the diagonal of the parallelogram, represents 
the number (d ~|~ {b ”|“ 

The complex number a +jb may also be expressed in a form which shows more obviously its 
vectorial nature. 

Let the length of OA in Fig. 155 (6) be taken as r and the angle XOA, which it makes with the 
axis of real numbers, as 6. 

Then in triangle 0AM, 

a = r cos 0, 

6 = f sin 6. 

(The length of AM is obviously b rmits ; it is written by bj merely to indicate its direction on the 
Argand Diagram.) 

It follows that a -\-jb = f cos 0 +yr sin 0 = r (cos B +j sin 0). 

The relations connecting r, 0, a and b may also be written 

r = Va* + 6*. 

0 = angle whose tangent is ^ , ^tan“^ 

r or Va* + 0*, which gives the length of OA, is called the modulus, and 0 or which 

gives the direction that OA makes with the positive axis of real numbers (OX), is called the argu¬ 
ment of the complex number a + jb. 


344. Multiplication and Division of Complex Numbers.—The object in each case is to 
represent the answer as a complex number. 

This presents no difficulty in the case of multiplication. If the two numbers are a -\-jb and 
e +jd, ordinary algebraic multiplication and the substitution of — 1 for y® gives the answer as 

ac — bd +j {be + 

which is in the required form. 

a +76 

Division requires a little more manipulation. The problem.is to express as an ordinary 

complex number. The method of doing this is to multiply both numerator and denominator by the 
complex number c ~jd, which is called the conjugate of c +jd. The fraction is unchanged in 
value by this operation, which is equivalent to multipl 5 dng it by unity, but the denominator now 
becomes a real number, viz., 

(c +jd) {c ~jd) = c* + d*. 

The whole operation is as follows :— 
a +jb 
c -\-jd 


a -{-jb e —jd ^ac -{- bd -{-j {be — ad) __ ae bd .be — ad 


+yd c—jd 


c* + d* 


c» + d» ' ^ c» + d® 


which is in the form of an ordinary complex number. 

The method rather than the results of, these operations should be noted. 

Example 48. 


1 + 2 / • 

Express ® 

l+2j_ (l+2;’)(2~3;-) 
2+3/ (2 + 2(/)(2-3f') 


2 - ^■» + 4/ - 3; _ 8 +j 
4 - g/* 13 


8 , 1 . 
13 13^* 
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345. The significance of these operations is better realised if the two complex numbers are 
taken as 

r (cos 6 +y sin 6) and r' (cos 0' -f y sin 0'). 

Their product is 

n' (cos 0 +y sin 0) (cos 0' +j sin 0') 

*= rr’ [(cos 9 cos 0' — sin 0 sin 0') +j (sin 0 cos 0' + cos 0 sin 0')] 

= rr’ [cos (0 0') +y sin (0 + 0')]. 

In words, the modulus of the product of two complex numbers is the product of their moduli, 
and the argument of their product is the sum of their arguments. 

The quotient is 

r (cos 0 + y sin 0) _ r (cos 9 + y sin 0) (cos 0' — j sin 0' ) 
r' (cos 0' -fy sin 0') r' (cos 0' +j sin 0') (cos 0' — j sin 0') 

_ r (cos 9 cos 9' + sin 0 sin 0') + j (sin 0)[cos 0' — cos 9 sin 0') 
r' (cos* 0' + sin* 0') 

=-^[cos (0 — 0') +y sin (0 — 0')]. 

In words, the modulus of the quotient of two complex numbers is the quotieut of their 
moduli, and the argument of the quotient is the difference of their arguments. 

These results correspond to the ordinary rules for vector multiplication and division. 


346. Application to A.C. Problems.—^The vector representation of alternating quantities 
has already been fully considered, and as complex numbers are equivalent to vectors they may also 
be used to exhibit the relations in amplitude (or R.M.S. value) and phase of alternating quantities. 
The method will be seen most easily by considering some simple examples. 

(1) In a purely resistive circuit, the current I and E.M.F. E are in phase and connected 

by the relation E = RI. 

The vector diagram in this case consists of two lines of the magnitude of E 
and I in the same direction. On the Argand Dia^am they are thus most simply 
represented by two distances along the positive axis of real numbers. 

(2) In a purely inductive circuit, the applied E.M.F. leads the current by 90° and their 

relative magnitudes are given by E = wLI. 

Thus, if I is represented by a distance from O along the positive real axis, E 
is represented by a distance from O along the positive impginary axis of magni¬ 


tude (ijLI. 

E is thus fully 



described with respect to I by the equation E = j(i>LI. 

(3) In a purely capacitive circuit, E == ^ and 

lags on I by 90°. Under the same con¬ 
ditions as in (2) above, it may therefore 
be fully represented by 

E = or since —j = 4 , by E = 

(oC 3 j<»C. 


If we now consider any alternating current circuit, 
the relation between the magnitude of the c urrent and the 
applied E.M.F. is given by E = ZI = (VR* + X*) I, 
and, if we take X to be inductive, E leads I by an angle ^ 


X X 

whose tangent is ^, (^ = tan-* g). 


Now the complex number R +yx is suc h that its 
length on the Argand Diagram (modulus), is -y/R* + X*, 
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and the angle it makes with the positive direction of Ihe real axis (argument), is so 

E is fully represented by the equation 

E »= (R +;X) 

and the impedance Z may be represented as 

z = R+yx. 

This case is shown in Fig. 156, which represents the vector diagram of a circuit with R, L and 
C in series. 

z.R+y(«L-^^ 


and E = ZI = j^R + j(^L - I. 


It is obvious that the complex number representing Z may also be written 

Z^R+;«L4-4c 


347. Resonance Condition.—If I is taken along the real axis, then whenever E and I are in 
phase, the coefftcient of j in the complex expression of E must be zero. In other words, to obtain 
the condition for resonance, the coefficient of j in the representation of Z as a complex number 
should be equated to zero. For example, in the series oscillatory circuit the coefficient of y in the 

expression for Z is coL — and«L — = 0, or o>* =-t 4 is the resonant condition. 


o)C 


LC 


348. To illustrate the above remarks, some examples which have been worked from first 
principles earlier in this chapter will now be worked through by the use of the operator;’. 

(a) Parallel circuit with resistance in each branch.—One branch consists of inductance 
L and resistance Rj in series. The complex number representing its impedance is thus Rj +y(oL 
and the current Ij, flowing through it is 

I_ 

^ “ Ri + ywL 

The impedance of the other branch (capacity C and resistance Rj) is 
and the current I, flowing through it is given by 

''■-ic 

The total current flowing through the circuit (the make-up current) is I = I^ -f I, 

1 1 ■ 


.-. I = 


Rj joL 


+ 




1 

Z 


I- Ri 


R. 


Ri» + <o«L*- 1 



w»C» 
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The resonant frequency is given by the condition that the coefficient oij is zero. 

<i)C coL 


1 . 6 . 


R a , _i_ Ri* + 

Ri* + = mC X <oL + 

6»*L (L - CR,*) = ^ (L - CRj>) 


oj*C*) ““ + c 


G) 


2 — 


and the resonant frequency / is 


/ 


1 .L-CRi» 
LC ^ L - CR,* 

1 /L 


2itVLC 


= • a/" 


CRi* 


( 1 ) 


L - CR,* 

If now R, and R, are so small that CR,* and CR,* may be neglected in comparison with L,/ may 

be taken approximately at resonance as/ = 2nVLC impedance at resonance may be found 

from the relation 


Ri 


+ 


R, 


( 2 ) 


C (R, + R,) 

Z ~ L/C L/C “ 


z " Ri’+ ^ J,_L 

R> +o,>c* 

Substituting for to*, and neglecting R^* and R,* in comparison with to*L* and this 

gives 

1 ^ Ri _ 

L 

“ C (R,^- RJ 

1 R* 

Alternatively, we may assume that R, = 0, in which case to* = lc ~ iT* ’ substitution 

in (2) above, we obtain Z an accurate result if the assumption is correct. 

Moreover, from (1) above, if R^ = R, = resonant frequency may have any value 

between zero and infinity ; in fact, the circuit is non-resonant. This result is interesting since it 
has an important bearing on the production of non-resonant feeder lines, of much use in W/T 
practice. Under these conditions it is easy to show that the impedance of the whole circuit is 
■V^L/C at all frequencies (cf. R.36). 


(6) Two circuits coupled by mutual inductance. (Fig. 151).—The impedance of the 
primary circuit is taken as R, -f jX, and of the secondary as R, -f yX„ and the currents flowing 
are taken as I, and I,. 

The R.M.S. value of the EJlI.F. induced in the secondary circuit by the primary current is 
oMI,. If uMI, is positive it lags 90® on the primary current; if loMI, is negative it leads the 
ptmary current by 90*. Both cases are covered, by writing the induced E.M.F. as —ycoMI,, 
SimUany the E.M.F. induced in the primary circuit by the secondary current is — y<oMI,. 





Chaptbr V. 


Kirchhofl's Law applied to the two circuits then gives:— 

(а) Primary (Rj +yXi) Ij «= E — y«MIg 

(б) Secondary (R, I, = —jiuMli 

= R. +“x. 

Substituting this in the primary circuit equation gives 

(n 4- VX M - F 4- 
(Ri + ;Xi) Ii - E + ^ 

r 1 

••• ^ = + . 

The equivalent impedance of the two circuits is thus given by 

a»»M* 


-f. 


Ri +yXi + 


R. +yx. 


= Ri +yxi -i- 


.(i)' 

to»M* (R, -;X,) 
R,» + 


- -K-i + ^ x,« V ^ R,» + Xj» 


The equivalent resistance is thus R = R^ + 


R,* + X,» 


, and the equivalent reactance is 


X = Xi - 


<a»M»X, 

R,» + X,*- 

These results should be compared with those derived in paragraph 334. 

It should be noted that this piece of work applies generally to all transformer couplings. 
In certain cases it may be simplified. 

From line (I) above, the transformer coupling and secondary circuit acts like an equivalent 
impedance Z„ where E = [R, + Z,] I^ and 

^•=>^. + r;+7x, 

Simplif 3 dng this to the case where Cj = C, = 0, where Lj and L, are both comprised within 
the transformer windings, and using K = M/VLiL,, we have 

. a>«K«L,L, y6)L^R, + to^L^L, (K» - I) . 

* ^ ^ Rj -j-^oiLj Ri 

Now the closer the coupling the smaller the factor (K* — I), and for a well designed iron-cored 
transformer we may assume no flux leakage and put K = I. Then 

,, ;o)LiR, j • Li I 

^•“RT+TSE;.aJid u.n.g _ p 

(where T is the transformer ratio) 

>a>Li(~*) 


y^l)L^R^ 


R, +ywLiT* I E* 

.pj 


( 2 ) 


Now (2) represents the effective impedance of a circuit consisting of the primary inductance 
Lj in parallel with a resistance of value Rj/T*, the “ reflected secondary load.” 

Under these conditions, the simple equivalent circuit copsists of the source of E.M.F. in series 
with Rj.and the above parallel circuit, as shown in Fig. 157. This result should be compared with 
that of par^aph 369, and the application to a valve equivalent circuit in “ F.” 19 (/). 

The primary of an ideal iron-cored transformer should have infinite reactance and take zero 
, ptagnetisk^ current when there is no secondary load (paragraj^h ,35t). Infinite inductive reactance 
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involves an value of Lj, which in the small A/F transfonners used in W/T circuits amounts, 

in practice, to 30 or 40 henries. When wLi, with no load on the transformer, is big in comparison 

with Rj/T*, formula (2) simplifies to Z, = Rj/T*, the 
case of the ideally perfect transformer on load. 

When the secondary is on “ no-load,” the value 
of Rs/T* is infinitely big, and formula (2) simplifies 
to Z, <= /(oLi. 

The above two results are obvious when it is 
realised that either arm of the parallel circuit of 
Fig. 157 may be made infinite in value. 

When the secondary load is an impedance, such 
as a telephone receiver or loud speaker, it acts as a 
series combination of R,/T* and an equivalent 
reactance, in parallel across L,. (C/. paragraph 369.) 



(c) R, L and C in series. 

V = IZ = I (R +jX) = I I^R +y ( 0)L- 

and the modulus is 


V 


= I 



(d) R and L in parallel; impedances in parallel.—By Kirchhoff's Law, the vector sum of 
the currents in each arm is equal to the supply current {cf. paragraph 307). 


I = Ii -|- I*. vectorially 

Y =3 y t Y where Z = R -t-j/’X 

z Zi'^Z, . Zi = R+;Xi, etc. 

1 1 1 

2 ~ z Z . vectorially. 


The above formula may be extended to cover any number of circuits in parallel, and operates 
in a manner similar to that of resistances in parallel; it is of the greatest use in A.C. work. 
In this case— 

1 11 R + ytoL 

Z~ytoL + R== yRcoL 

^ <i)L —jR 
(oLR 


Z 


<i)LR 
VR* -t- 


A numerical example is seen in “ F.” 19 (/). 


. («) Ini^dances in series.—Imp^amces may be split into resistive and reactive components, 

either by “y ” methods or trigonometrically as in paragraph 316; in that case they may ^ added 
and, vectorially, we have 

Z = Zj -|- Z| -t- etc. 

whefe Z R -fyx, Zj - R, +yXi. etc. 









CHAPTER VI. 

THE iPOWER TRANSFORMER, MEASURING INSTRUMENTS, R/F EFFECTS. 

349. One of the most important advantages of alternating currents over continuous currents 
is the extreme ease with which the transformation from a low to a high voltage, or vice versa, may 
be accomplished. This process is effected by means of Transformers. 

A power transformer consists essentially of two insulated coils, known as the primary and 
secondary windings, wound over a closed iron magnetic circuit. Alternating current at one 
voltage is suppled to the primary; from the secondary an alternating current is taken at a higher or 
lower voltage than that supplied to the primary. If the voltage is increased, the transformer is 
said to “ step-up ” the voltage ; if decreased, the transformer is said to “ step-down ” the voltage. 

Both types are used in wireless work; step-up transformers, for instance, to give voltages 
suitable for appl 5 nng to the anode of a thermionic v«dve ; step-down transformers, to give voltages 
suitable for the filament supply. It will be shown that this power conversion is effected with high 
efficiency. 


350. Construction of Typical Transformer.—^Two iron cores made of thin sheets or 
laminations of iron, averaging about 0-012-inch thick, are built up, each sheet being slightly 

japanned or oxidised. The ends of 
S P P S the iron cores are connected by two 


T f,.« f 1 



YOKC 


(«) 

Fig. 158. 


P 



(&) 


iron yokes constructed in the same 
manner. 

On each core is wound a coil 
of insulated copper wire, called the 
Primary; these two coils are 
connected in series, as illustrated 
in Fig. 158 (a). 

The primary windings are 
covered with insulating sleeves, 
made of good insulating material— 
micanite, mica, or presspahn. 

Over these again are wound 
the Secondary Coils, which have 
more turns than the Primary if 
the alternating voltage is to be 


increased. 

The two secondary windings are joined in series, and their ends are brought to two terminals 
heavily insulated with ebonite or porcelain. 


351. Primary E.M.F.—If an alternator is connected up to the primary terminals, and the 
secondary terminals are left disconnected or on “ open circuit,” as illustrated diagrammatically in 
Fig. 158 (b), then an alternating current will pass through the primary winding, and an alternating 
flux will be set up in the core. 

Since the primary winding has a great many turns, and the magnetic path for the lines of force 
is a very good one, the inductance of the primary with the secondary on open circuit will have a 
very large value, of the order of several henries. 

The applied voltage of the alternator has to perform two functions :— 

(1) Cause the current to flow through the resistance of the primary winding. 

(2) Balance the induced E.M.F. in the primary winding due to its self inductance. 

It was seen in the preceding chapter that, in any circuit comprising inductance and resistance 
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this formula applies here, where I is the magnetising current flowing from the alternator through the 
primary, V the voltage of the alternator, L the inductance, and R the resistance of the primary 
winding. 

The inductance of the primary is, however, so great compared with its resistance that the 
latter may be neglected. Let denote the inductance of the primary winding, L, the inductance 

V 

of the secondary winding, and the magnetising current. The current I„ is then equal to 

and the alternator voltage V is exactly balanced by the induced E.M.F. of the primary, i.e., 
V = oLi I* volts. 

I,,, the magnetising current, will be lagging by 90° on the alternator E.M.F. 

Hence, neglecting losses, these facts are expressed in the following vector 
diagram. Fig. 159. 

t '* The magnetising current will be an exceedingly small one, since the impedance 

of the transformer is so great. 


352. Secondary E.M.F. Secondary on open circuit.—In a well-designed 
transformer, practically all the flux ^ due to the current flowing through the 
primary will cut every turn of the secondary winding also, as it expands and 
collapses round the primary winding. 

From this it follows that the E.M.F. induced in each turn of the secondary 
is equal to that induced in each turn of the primary, since the flux through each 

d<t> 

changes at the same rate-^; hence, the ratio of the total primary to the total 

secondary E.M.F. is equal to the ratio of the number of primary turns to the 
number of secondary turns. Thus 

Primary E.M.F. Primary Turns 

Secondary E.M.F. Secondary Turns ~ N, 


Im 


Fig. 159. 


or 


El 


N 

dt 

dt 


Ni 

N, 


]_ 

T 


The ratio of Secondary to Primary Turns is spoken of as the Transformation Ratio, and is denoted 
by the letter T. 

If the transformation ratio is greater than 1, the transformer is a “ step-up ’’ one; if less than 
1, the transformer is a “ step-down ” one. 

Since the secondary voltage of the transformer is the induced E.M.F. due to the alternating 
flux associated with the primary current I„„ the secondary voltage (E, = E^ X T) is in phase with 
the induced E.M.F. in the primary, and hence is 180° out of phase with the voltage applied to the 
transformer by the alternator, as shown in Fig. 159. 

As an example, let us take a ti'ansformer with 100 primary turns, supplied by an alternator 
giving an alternating supply of 100 volts. 

Leave the secondary on open circuit. Then the counter E.M.F. produced in the prinuiry coil 
will be nearly as much as 100 volts —for the small magnetising current required to give this E.M.F. 
across the large primary inductance gives a tiegligible voltage drop across the primary resistance. 
Since the primary wining consists of 100 turns, the counter E.M.F. in each turn will be nearly 
1 volt. • 

Again, each turn of the secondary winding will have the same voltage induced in it as each 
turn of the primary winding, for both are interlinked with the same magnetic flux. The voltage 
produced in any turn of the secondary winding will, therefore, be practically 1 volt. 

If, for example, the secondary winding consists of 10 turns its voltage wdll be about 10 volts,’ 
if^of 100 turns its voltage will be about 1(M volts, if of 1,000 turns its voltage will be about 1,000 
volts, etc. 
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353. Total Primary No-load Current, Iq.—I n the first vector diagram, Fig. 159, we assumed 
the current in the primary to be lagging exactly 90° behind the applied voltage. If losses, however, 
are considered, the primary current will lag by some angle less than 90°, and the current may be 
resolved into two components, one lagging by 90° on, and the other in phase with, 
the applied voltage. The component in phase with the applied voltage is necessary 
to accoimt for the power lost, partly in the primary resistance, but mainly in 
hysteresis and eddy current losses in the core (these will be referr^ to more fully 
later). 

This component may be termed the iron-loss current, and denoted by the 
symbol I<. 

The component which lags by 90° on the applied voltage is I*. the magnetising 
current. 

The total primary no-load current- Iq is the resultant of these two components, 
and hence the vector diagram givei^ 4 fi Fig. 159 should be amended as in Fig. 160. 

It must be pointed out th^ a transformer should never be used with 
the same supply voltage at a^requency lower than that for which it was 
designed, e.g., a 100-volt, 500-cycle transformer should not be used on a 100-volt, 
50-cycle supply. The lower the frequency, the greater must be the magnetising current flowing 
in the primary winding to make the induced E.M.F. equal to the applied E.M.F. (since V = coLiI). 
In addition, this larger current will bring the core nearer to saturation, thus decreasing the effective 
value of Lj, and a still larger current will flow. The winding, not being designed to carry such 
large currents, will be burnt out immediately. The same supply voltage at a higher frequency 
can, however, be used, e.g., a 100-volt 50-cy^ transformer can 1^‘iused on a 100-volt 500-cycle 
supply, for in this case the current will be reduced. 


C,* wtlw 

E».C,.T 

Fig. 160. 


354. Effect of Load Applied to Secondary.—So far the secondary has been taken to be on 
open circuit, i.e., no current has been flowing in it. Closing the secondary by an external circuit 
allows the secondary E.M.F. to give rise to a secondary current. This secondary current I, will 
set up an alternating magnetic flux proportional to itself and to the number of turns through which 
it flows, i.e., proportional to the secondary ampere-turns. 

By Lenz's Law this secondary flux is in opposition to the cause which produces it, and hence in 
opposition to the primary flux already existing in the core. Thus part of the primary flux is 
cancelled, and the flux-linkage with the primary winding for a given primary current is decreased. 

This is equivalent to sa 5 dng that the primary inductance is decreased, and in consequence an 
increased current will flow through the primary to restore the state of equilibrium present under 
no-load conditions; in other words, to restore the original value of the primary flux, and the 
approximate equality of applied voltage and counter E M.F. of self-induction in the primary. 

This additional current flowing through the primary must set up a flux, therefore, exactly 
equal and opposite to the demagnetising effect produced by the secondary ampiere-tums ; hence the 
primary ampere-tums due to the additional primary current must be equal to the secondary ampere- 
turns, or Njli = N,I,. 

This additional primary current is known as the load compxment of total primary current, and 
from the equality of ampere-turns just stated. 

Primary load current secondary turns .j. 

Secondary current “ primary turns 
If we call the load compxinent of primary current Ij, then 
, Ii = I, X T. 

The total current flowing in the primary with the secondary on load is, therefore, the vector 
sum of the original no-load current and the additional, or load, current.. 

The greater the load on the secondary, the greater will be the primary load current, since 
«s I, X T. Therefore, with a very large current being taken from the secondary, the load current 
in the primary will be so much greater than the no-load current that it may be reg^uded as equal 
to the total primary current I,. In this case, if we neglect the no-load current, 

I* - li X T. 
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Also, neglecting losses, 

E, = El X T = V X T. 

I, X El = Eg X Ig. 

Therefore the energy input equals the energy output, and the device is 100 per cent, efiftcient. 

This is to be expected, since losses have been neglected. In the practic^ case there are various 
losses which result in the transformer being less than 100 per cent, efficient. The complete theory 
can best be explained by the use of vector diagrams, and in the following paragraphs the vector 
diagrams will be drawn for pmely resistive, inductive and capacitive loads, and also for the more 
practical case of a circuit possessing both resistance and reactance. 

In drawing vector diagrams for voltage step-down transformers it is usual, in order to keep 
both sides of the diagram approximately the same size, to draw the voltages on the secondary side 
to a scale T times that of the voltage on the primaiy side, and the currents on the primary side to 
a scale T times that on the Secondary side. For the same reason the scales are adjusted in exactly 
the opposite manner in the vector diagrams for voltage step-up transformers. This convention is 
employed in the vector diagrams in this chapter. 


355. Purely Resistive Load. 

Fig. 161 shows the vector diagram for a purely resistive load. 

Neglecting the resistance and the leakage reactance of the two windings, the magnetising 
current I,, lags 90° on the applied voltage V. The flux »1> is in phase with the magnetising current. 
The total primary no-load current is given by lo, the resultant of I„ and I<, the iron-loss current. 

The alternating flux O cutting the secondary winding sets up the alternating voltage Ej across 
the terminals of the secondary, E, being equal to Ej x T, or V x T. 

The secondary current I, is in phase with £,, because the load is a pure resistance, 
E, 

and is equal to 5 ^. 


This current I, has a demagnetising effect on the core, and since Ej must remain equal to V 
whether the transformer is on load or not, and Ej depends on the value of the flux, a primary load 
current Ij must flow in antiphase to I, and of such magnitude that the ampere-turns due 
to it exactly balance the secondary ampere-turns. Hence Ij = I, X T, and with our con¬ 
vention as regards scale it is shown as being the same length as the vector representing Ij. 

Tbe total alternator current, I,, is the resultant of I, and Ij, lagging on the applied voltage 
by an angle <f>,. The greater the secondary current I*, the greater is I^, and the more nearly are 
the primary current I, and the primary voltage V in phase. 

In other words, the greater the load on the secondary the nearer to unity is the power factor in 
the primary circuit, while the secondary power factor is exactly unity. The transformer on full-load 
behaves as if almost non-inductive, voltages and currents on both sides being practically in phase. 

The essential anti-phase relationship between the prima^ current I, 
and the secondary current Ij may be demonstrated by a classical and most 
elegant experiment. It requires a long cylindrical open cored transformer, 
conveniently made by making a primary winding round a bundle of iron wires 
about 6 in. in length, amd about 1 in. in diameter. The secondary circuit 
consists of a single turn of stout copper wire closed by a soldered joint, having 
a diameter slightly bigger than that of the cylindrical primary, so that it may 
fit easily over the latter. When the primary is connected to a suitable source 
of alternating E.M.F., the large anti-phase current flowing in the secondary 
turn gives rise to repulsion phenomena. If the primary coil is supjxjrted with 
its axial vertical, the mutual repulsion effects between the anti-phase current 
bearing conductors may be used to poise the secondary ring delicately in mid 
air; if the ring is initially supported at any point above the mid point of the primary coil, an increase 
in, the primary current will cause the secondary ring to be repelled still more strongly and ascend 
further up the primary. 
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356. Purely Inductive and Purely Capacitive Loads. —The corresponding vector diagrams 
for purely inductive and purely capacitive secondary loads are shown in Fig. 162 (A) and (i). 

In the case of the inductive load the resistance Rj of last paragraph is replaced by an inductance 
L|. The secondary current I,, therefore, lags 90® on the secondary voltage Eg, and is equal to 

JLt 

CdLg* 

To keep the value of flux the same as under no-load conditions, and maintain the equivalence 
of V and E^, the alternator will have to supply a current Ii in antiphase to I, and equal to Ig x T. 
Ig, with our scale convention, is shown equal in length to Ig. The total primary current I, is, as 
b^ore, the vector sum of I, and I^. 

The secondary current lags by 90® on the 
secondary voltage, and the primary current I, 
lags by nearly 90® on the applied voltage. 
The greater the load, the greater is Ij, and 
the more nearly does the angle of lag of the 
§ primary current I, approach 90°. 

The capacitive case is simply the reverse 
of the inductive case, and the diagram need 
not be explained. 

ImdmHvs Load. Capacitiot Load, 



(•) (W 357. General Case. Secondary Load 

Fig. 162. both Resistive and Reactive.—^I'he react¬ 

ance in the secondary circuit will be taken to 
be inductive, so that the secondary current Ig lags on the secondary voltage Eg by an angle <j>t, 
whose cosine is the power factor of the secondary circuit. 



Fig. 163. 


As before, the demagnetising effect of this secondary ' 
current must be counterbalanced by a current Ij in the 
primary circuit, in antiphase to it and equal to Ig x T. 

The total primary current is, as before, given by the 
resultant of Ig and Ig, and is 1, in the figure. 

It will be seen from the figure that the angle of lag 
of the primary current I, on the applied voltage, the 
angle <f>^, is greater than the angle of lag ^g of the 
secondary current on the secondary voltage, provided 
the secondary circuit is not so highly inductive that ^g 
exceeds the angle of lag of the primary no-load current 
lo- 

Also, as before, the greater the load on the secondary 
and in consequence the greater Ig, the more nearly equal 
do the angles of lag, <f>, and ^g, become. 

If a leading current were taken from the secondary, 
the angle of lead <f>, of the primary current would ^ 
slightly less than ^e angle of lead of the secondary 


current. 


358. Transformer Losses. —^The losses in a transformer may be considered under the following 
headings:— 

(a) Magnetic Leakage, {b) Copper Losses, (c) Eddy Current Losses, (if) Jlpteresis Losses. 
The last two are losses whi<± occur in the iron core, and, in the simple vector diagrams already 
given, they have been allowed for by introducing the current L (iron-loss current) as a component 
of the totd primary no-load current. These losses wi|l be ej^lained more fully in paragraphs 363 
and 364. 
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The first two types of loss will now be considered, and a complete vector diagram drawn 
allowing for their effect. 

359. Magnetic Leakage.—It is very nearly, but not quite, true that the whole of the magnetic 
flux passes through the iron core of the transformer and links with all the turns on both windings. 

Some of the lines of flux produced by the 
primary current, instead of passing round the 
main iron magnetic curcuit, will take shorter 
paths as illustrated in the figure above, mainly 
through air. Since they do not cut the secondary 
winding, they serve no useful purpose as regards 
generation of secondary voltage, and are known 
as the primary leakage flux. 

Similarly, the current flowing in the second- 
, Fig. 164. ary will produce some lines of flux which do not 

hnk with the primary. These constitute the 

secondary leakage flux. . 

The leakage flux from each winding is produced by the current in that particular winding, and 
is imaffected by the current in the other winding. This leakage flux is therefore in both cases in 
phase with, and proportional in amount to, the current in the particular winding which is producing 
it. Thus, both leakage fluxes increases with load, while the common flux remains practically constant. 

The effect of the primary leakage flux is to add a certain amount of reactance to the primary 
winding, which uses up part of the primary applied voltage. Less of the applied voltage, therefore, 
has to be balanced by the counter E.M.F. due to the common alternating flux, and hence there is 
less common flux and less secondary voltage induced. The inductance “ L ” in series with the 
primary circuit which would give the same reactance as that due to the leakage field in the primary 
winding is known as the primary leakage inductance. (N^ = LI.) 

In the secondary circuit, some of the secondary voltage will be used in overcoming the reactance 
due to the leakage flux, so that the terminal voltage will be reduced. The inductance which, in 
series with the secondary circuit, would give the same effect is known as the secondary leakage 
inductance. 

The effect of magnetic leakage upon the transformation ratio is to reduce the secondary terminal 
voltage for a given primary applied voltage. It is to diminish this voltage drop that the transformer 
coils are wound one upon the other, as previously described. By this construction the amount of 
leakage flux is reduced to a minimum. 

If the coils are arranged in any other way as, for instance, in Fig. 164, with the whole primary 
on one leg of the core and the secondary on the other, much larger paths would be available for 
the leakage flux and the falling-off of the secondary terminal voltage would be considerably increased. 

A vector representation of the effect of magnetic leakage is given in Fig. 165. 

360. popper Losses.—^The resistance of the primary and secondary windings must be taken 
into cons^eration. When the secondary is on open circuit, the primary no-load current I« is very 
small, an|d the voltage drop due to this current flowing through the resistance of the primary is 
negligible. 

With the secondary on closed circuit, however, a very much larger current I, flows in the 
primary and a considerable current I| in the secondary, and the losses due to these currents must 
be taken into account. The primary ohmic drop reduces the proportion of the applied voltage 
balanced by the counter E.M.F. due to the flux; the consequent decrease in flux (decreases the 
sepondary voltage. 








Chapter VL 


In addition, there is an I| R| voltage drop in the 
secondary circuit, so that the secondary terminal voltage 
is further decreased'below the value obtained by assuming 
the windings to have no resistance. 

A vector diagram to illustrate this is given in Fig. 165. 
The copper losses are minimised by using large section 
copper wire or flat copper strip for the primary and secondary 
windings. 

In order to keep down eddy current losses in the copper 
conductors they are often sub-divided and made up of 
several insulated strands joined in parallel. 

The total copper losses are I,* Rj 4- It*Ri watts. 

361. General Vector Diagram.—The vector diagram 
shown in Fig. 165 is applicable to the general case'of a 
secondary load, in which the current lags behind the voltage 
(c/. Fig. 163, paragraph 357), taking into account the 
resistances of the windings, and the reactances equivalent 
in effect to the magnetic leakage. 

Superimposed on Fig. 163, paragraph 357, we have on 
the primary side the voltages I, Rj and I, X^, giving a 
resultant I, Z^. 

These are respectively the resistance drop and the 
leakage reactance drop in the primary circuit, and hence the primary applied voltage is given 
by V, the resultant of and 1, Z^. Actually this shows that Ej, the residual part of the primary 
applied voltage that is balanced by the counter E.M.F. of the flux, is less than V. 

On the secondary side the resistance and leakage reactance drops combine to give I*Z,, and 
hence V„ the secondary terminal voltage, is less than the secondary induced voltage E,, being 
given by the vector difference of E, and I,Z,. 

It is obvious from the diagram, that as the load is increased, both I^ and I, increase, and 
for a given applied voltage V, wMch is the condition under which the transformer works, V, 

falls for an increase of load. 

It has been convenient to use the diagram as shown, in continuation of previous diagrams, but 
it must be remembered that V is the constant factor, being the applied voltage, and so <1>, the flux, 
is smaller than when resistance and leakage reactance are neglected. 

It may be noted that in this case, where the secondary load is inductive, the power factor in 
the primary is less than that in the secondary. 

If the diagram is drawn for a capacitive load, it will be found that the power factor in the 
primary is greater than that in the secondary ; and also that it is possible under certain conditions 
for V, to be greater than E,; that is, for the secondary terminal voltage to increase above its 
no-load value when load is applied. 

362. Regulation of a Transformer.—The Regulation of a transformer is defined as the 
change in the terminal secondary voltage from no-load conditions to full-load conditions for a 
constant applied primary voltage, or (E, — V^. 

It may also be defined as a percentage of the terminal secondary voltage on full load, thus ;— 

Percentage regulation = ^ ^ 

The regulation depends on the size of the transformer and the conditions ot service. From the 
result quoted at the end of paragraph 361, with a capacitive load and a leading secondary current, 
the regulation may be a negative quantity (^. " H ” 11, 12). 

M3. Core Losses.—^The two other t 3 q)cs of loss mentioned in paragraph 358 will now be 
considered. They may be referred to by the common name of iron-losses or core-losses. 



Chapter VI. 




Eddy Current Losses. —If the core were solid throughout, large circulating currents would 
be set up in it in the same plane as the direction of the windings. This is indicated in Fig. 166 (a) 
which shows a cross section of one leg. 

These currents are termed ** Eddy Currents.” They represent an expenditure of energy 
which would heat up the core unduly, and damage the insulation of the winding. 

They are kept down to a very small value by “ laminating ” the cores and yokes as indicated 
in Fig. 166 (b), i.e., by making them up of a number of thin sheets of iron laid together and insulated 



from each other by varnish, shellac, or tissue paper. 

In this manner the eddy currents are forced 
to travel in very narrow high-resistance paths, 
and are kept down to such a small value that 
their effect is not serious. 

The laminations are frequently “ L "-shaped, 
being pushed inside the coils from alternate ends. 


364. Hysteresis Losses.—During each 

Fig. 166. alternating current cycle, the ferro-magnetic 

• core is taken through a cycle of magnetisation. 

Hence energy is lost due to hysteresis (paragraph 89), and appears as heat in the core. The higher 
the frequency of the alternating current and the greater the flux density in the core the greater will 
be this loss. 

Hard steel has a greater hysteresis loss than soft iron. Hence transformers have their cores 
constructed of soft iron, either pure or alloyed with a small percentage of silicon. The alloyed iron- 
known as Stalloy—is more expensive, but is found to cause considerably less hysteresis and 
eddy current loss. Other alloys used for cores are Permalloy and Mumetal. 

It will be remembered that a further effect of hysteresis is that flux changes lag behind the 
current changes producing them. 


365. Efficiency of Transformers.—In a well-designed trmsformer, the expenditure of 
energy due to these various causes is not very great. 

The efi&ciency of a transformer is expressed as a percentage. 

^_.__/output __^ 


The percentage efiSciency is 


input 


X 100) per cent. 


The input, however, is equal to the output plus the losses. 

Therefore, percentage efi&ciency may be written :— 

Percentage efi&ciency 

- __ output _ ^ 

' output -+- iron losses -f- copper losses 

^_ I»V«cos <l>t _ 

IjV, cos <!>% iron losses + copper losses ^ 
or, more simply, when the power factor is unity 

'’ = I,V,-f A +VR 

The iron losses ‘ A ” remain practically constant at all loads when the primary supply voltage is 
constant. 


The copper losses, I,*Ri -f I|*R* watts, vary as the square of the currents flowing. 

It can be proved that the efficiency is greatest when the load is such that the copper 
losses are equal to the (constant) iron losses. 

This need not necessarily be the full load for which the transformer is designed, but in practice 
it is arranged that the transformer is most efi&cient in the neighbourhood of full load. The efficiency 
oqly falls off slowly as the inequality between iron and copper losses increases. 
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The same transformer can be built with a large section core and few turns (an ** iron ** trans¬ 
former) or a small section core and many turns (a “ copper * ’ transformer) . Copper is expensive 
and economy can be exercised in the amount used without a serious decrease in efficiency. 

The following table gives the efficiencies which might reasonably be expected in modem 
transformers:— 

Output in kW. 1 5 10 20 50 100 

Efficiency .. 94 per cent. 95 per cent. 95’5 per cent. 96 per cent. 96*5 per cent. 97 per cent. 

It is evident that a transformer is an extremely efficient piece of apparatus. 

366. Connections of Windings.—In transformers where the primary and secondary windings 
are arranged in two coils on the two legs of the core, the step-up varies according to whether the 
two primary and two secondary coils are joined in series or parallel. 

For example, in a transformer with 100 secondary turns for every primary turn, with :— 

(a) Primaries in series. Secondaries in parallel. 

Step-up = 50 : 1. 

(b) Primaries in series. Secondaries in series, • 

Step-up = 100:1. 

(c) Primaries in parallel. Secondaries in parallel. 

Step-up = 100:1. 

(d) Primaries in parallel. Secondaries in series. 

Step-up = 200 : 1. 

In certain Service spark sets, arrangements (a) and (b) are used for convenience in charging 
the condenser. The condenser in the oscillatory circuit, which is charged up from the transformer, 
may have several different values, and, due to energy considerations (which will be referred to in 
Section “ A ”), it is necessary to have alternative values for the voltage obtainable from the 
secondary of the transformer. The primary windings are connected permanently in series, and the 
secondaries are changed over from series to parallel by means of a switch, as illustrated in Fig. 168. 

367. Earth in Centre of Transformer.—^The centre point of the two secondary windings 
is alwa)rs earthed in large transformers, the reason being as follows :— 

Suppose that a maximum voltage of 14,000 volts is being produced across the secondary of the 
transformer; then each terminal will alternately reach a potential of 7,000 volts above and below 
“ earth ” potential or “ zero.” 

The thickness of the insulation on the secondary winding of the transformer is calculated so 
as to be sufficient, with a fair margin of safety, to stand this P.D. 

If now an earth leak were to develop on one side of the transformer, the terminal on this side 
would automatically be fixed at earth potential. The same flux is still cutting the secondary. 

Hence as shown in Fig. 167 (a) the potential of the 
other end of the winding would be alternating 
between 14,000 volts above and below earth instead 
of 7,000 volts. 

, Since the casing and core of the transformer 
are connected to earth, it is evident that the in¬ 
sulation of the winding of the transformer secondary 
will be excessively strained at this point. 

To obviate this, the centre point of the 
secondary winding is permanently connected to earth, 
as in Fig. 167 (i); or, if the secondaries are in 
parallel, as in Fig. 167 (c); the outer ends are thereby prevented from reaching a greater 
potential above earth than their normal 7,000 volts. 



W W (•) 

Fig. 167. 
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Fig. 168. 


of the windings will be impaired. 

This is effected by means of air or 


Under these conditions, should an earth develop at 
one terminal of the winding, that half will be put on 
short circuit, and the secondary voltage will be only half 
its proper value ; the short-circuited half of the secondary 
will cadi for a large primary current, and the A.C. cut¬ 
outs in the supply mains should blow. 

Fig. 168 illustrates a Series-Parallel switch for earth¬ 
ing the centre point of the two windings when in the series 
position corresponding to Fig. 167 (6). 

368. Cooling of Transformers.—It is necessary to 
make arrangements for dissipating the heat generated 
in the core and windings by the various losses referred to 
in paragraphs 360,363 and 364, as otherwise the insulation 

oil cooling. 


In small transformers, the windings are merely enclosed in a well ventilated iron case, and the 
heat is dissipated by convection through the air. 

Air cooling is cheap and clean, but the transformer must not be allowed to get damp, or the 
insulation of the high tension winding will suffer, nor must it be put away in a comer or covered 
up where no air will reach it or circulate round it. 


Sometimes the case is filled with an insulating compound, in order to enable the clearance 
between the windings and casing to be decreased without fear of sparking over. 

Air blast cooling may also be employed. Cold air is forced into the transformer by means of 
fans. 

For oil cooling, the tank is filled with good insulating oil. The heat is then conveyed through 
the oil to the sides of the tank and radiated away from there. The oil protects the windings against 
damp, and the insulation of the windings is also materially assisted by its presence. It is necessary 
to make the lid of the tank perfectly air-tight; otherwise the oil will absorb moisture from the 
atmosphere and lose its insulating property. It is also necessary to arrange for lie expansion of 
the oil when it becomes heated. This is done by providing an “ Expansion Tank ” connected to 
the transformer case by a short length of pipe. 

Oil cooling may also be made more efficient by having an air blast on the tank, or a circulation 
of cold water in pipes at the top of the tank to cool the oU. 


369. Equivalent Circuits.—In considering circuits in which a transformer is.included, it is 
often convenient in calculations to reduce the circuit to an equivalent one in which the transformer 
is eliminated, that is, to find what values of R, L and C, when connected on the primary side of the 
transformer, would give the same relationship between primary voltage and current in the simple 
circuit as that which holds when Rj, L, and Cj are actually included in the secondary circuit. (C/. 
paragraph 348 (ft).) 

Let the secondary be connected to a circuit of resistance R* ohms, inductance Lj henries, and 
capacity C* farads. Let E, be the secondary induced voltage and Ij the secondary current, V the 
primary applied voltage and I, the primary current. 

Then, as in paragraph 354, neglecting losses, 

V X I, = Ej X I,. 

The relationship between E| and I, is given by 

E, = I* /\/r,* + ^toL, ~ 

^ Also E, = V X T, and 1, — Ij x T (paragraph 354). 
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Therefore V x T ^ R,* + ^o)L, ~ ) 


v" ^ Vv+(»!-. ~ = I. V(t;)‘+(^‘ ~ 4^)‘ 


a/Rj* ~ ^ , where Rj — .j-g i Lg — .pj j Cj — CjT* . 

But this is exactly the relationship found between V and I, in a simple series circuit whose constants 
are Rj, Lj and Cj. 

Hence, for purposes of calculation, the combined circuits with a transformer included can be 
replaced by a single circuit. Fig. 169 (6), the equivalent value of the resistance R, in the second* 

the primary side ; the equivalent primary 
and the equivalent primary capacity corres- 


j» 

ary being ^ when it is transferred to 

L, 

inductance corresponding to L, being 
ponding to C, being C, x T* (c/. Fig. 157). 


The equivalent impedance corresponding to the secondary impedance Zj is-^j^ 


^A/vww^ P 
la 






1 




Aetual Cirouit, 
(«) 


Fig. 169. 


C|-C*T* 

Equivalent Circuit. 
( 6 ) 


370. Transformer Testing.—Considerable 
insight into the behaviour of transformers may 
be obtained by a consideration of the practical 
tests to which they may be submitted. These 
are very numerous, and reference is only made 
to the following three simple ones :— 

THE OPEH CIRCUIT TEST.—If the 
secondary is left on open circuit, the power taken 
by the primary will be equivalent to the power 
dissipated in iron losses, in addition to the very 
much smaller amount spent in I* R loss, or 
copper loss. The latter is so small that it may be neglected, and the object of the experiment 
is to determine the total iron losses (paragraph 365) by direct measurement, using a wattmeter 
in the primary circuit. Fig. 170 (a) represents the general arrangement of the apparatus, showing 
voltmeters connected across the primary and secondary, and the current coil of the wattmeter 
connected in the way indicated. By this means the anuneter only reads the current in the prima^, 
which is very small, and not also that in the voltage coil of the wattmeter. The wattmeter reading 
= power consumed -f loss of power in current coils; in this case the latter term is small and may 
be neglected. 

In a practical test on a 220 
volt, 50 cycle, power transformer, 
the following readings were ob¬ 
tained :— 

Primary volts Vi = 220. 
Primary current Ij = 0*437 
amp. 

Secondary volts Vj = 33*7. 

Wattmeter reading =67*5 
watts. 

Hence iron losses a 67 ■ 5 
watts, for an input voltage of 220. 
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With a constant voltage supply, the iron losses should be constant for all loads. Incidentally, 
the above readings give the angle of lag of the primary no-load current, since 

220 X 0-437 X cos ^ = 67-5 
cos <f> = 0*7 
^ = 45°. 

THE SHORT CIRCUIT TEST.—In this test, the secondary is short-circuited by a suitable 
conductor, and a carefully regulated low voltage is applied to the primary so that the current in 
the secondary reaches its full load value. Clearly, in order to achieve the latter condition, the 
voltage which will have to be supplied to the primary is only a small percentage of its full normal 
value. Hence, the flux density will be small and the iron losses, which depend on the flux density, 
will become negligible in comparison with the copper losses ; the wattmeter in the primary will 
then record the total copper losses W. From the figure obtained for copper losses it is convenient 
to derive an equivalent resistance Ro. We have 

W 

Equivalent resistance R, = 

V 

Equivalent impedance Zo = 

Equivalent reactance Xq = VZo* — Ro®. 

The wattmeter is connected as shown in Fig. 170 {h), so that the voltage coil records the actual 
volts across the primary; the wattmeter records the power consumed, and this is large in com¬ 
parison with the loss of power in the voltage coil, which may therefore be neglected. 

In a practical test, the following readings were obtained :— 

Vi = 10-4 volts. Ii = 10 amps. W = 84 watts. 

Since the exciting voltage is small, 84 watts may be taken to represent the total copper 
losses. This is equivalent to a resistance R^ given by 84/100 = 0-84 ohm. 

In this test, either the primary or secondary may be short-circuited; in this practical case 
and in the following efiftciency tests, the. transformer was arranged as a step-down transformer. 

THE EFFICIENCY TEST.—^To measure efficiency it is convenient to put the transformer on 
a pure resistive load, measuring the power output by means of an ammeter and voltmeter. The 
input power may be measured by a wattmeter. In, a practical test the following readings weje 
obtained:— 



Vx 

Input power 
Wx 

I* 

V 

Output power 
W. =V,I, 

Efficiency 

W, 

” =w: 

amps. 

volts 

watts 

amps. 

volts 

watts 

per cent. 

2 

219 

455 

11 

33*7 

371 

81*5 

3 

219 1 

652 

16 

33*6 

538 

82-5 

4 

219 1 

907 

23*9 

33*4 

798 

88*0 

5 

219 

1095 

29*8 

33*3 

992 

90*7 

6 

218*7 

1295 

34*5 

33*2 1 

1145 

88*4 

7 

218*6 1 

1508 

41*5 

33*1 

1374 

91*1 

8 

218*5 

1710 

48*0 

33*0 

1585 

92*6 

9 

218*3 

1913 

54*5 

i 

32-8 

1787 

93*3 


From the relation given in paragraph 365, it is also possible to arrive at a pre-determination 
of efficiency under any load. For example, with a primary load current of 9 amps., the copper 
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losses would be given by Ii*R = 81 x 0*84 — 68-1. Taking the figure 67-5 watts for the iron 
losses, when the output load is 1,787 watts, the expected efficiency is given by 

1787 

i 7 => 1787 + 67-5 + 68-1 ^ 100 = 92*7 per cent. 

This figure compares reasonably well with the figure obtained under practical conditions and 
given in the table above. 


371. Auto-transformer.—^This is a special t 5 rpe of transformer used for a small step-up or 
step-down of voltage. 

It is a transformer with only one winding, as shown in Fig. 171 (a) and (6), and, having an iron- 
corod coil, possesses a large inductance. 

To step-up the alternator voltage, tappings are taken as shown in Fig. 171 (a), Pj P, being the 
primary terminals, and Sj S, the secondary terminals. 

If an alternator is joined to P| Pj its voltage wdll be balanced by the coimter E.M.F. of the 
turns between the terminals P^ P,. The flux due to the primary current will thread the whole 
coil of N, turns, and consequently the P.D. between the secondary terminals S, S, will be greater 
than the alternator voltage in the proportion of Nj/N^, or the transformation ratio T. If a load 
is joined across the secondary terminals S„ a current 1} will flow in the secondary circuit. 

As before, it must be coxmterbalanced by a current in the primary and Ij = I, x T. 
Neglecting losses, Ij can be taken to be the whole primary current. 

Also, Ij and I, are in antiphase, so that, as shown in the figure, the ciurrent in the common 
portion of the wrinding is given by — I, = I*. 

To step the voltage down, the transformer would be used as shown in Fig. 171 (b). 


It can be shown that there is a considerable saving in the amount of copper and in the copper 
losses with an auto-transformer as compared with a two-coil transformer, but this saving diminishes 
rapidly as the transformation ratio T increases. Hence, an auto-transformer is only suitable for 
a small step-up or step-down of voltage. 

Its great disadvantage is that there 
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is direct electrical coimection between 
primary and secondary. If a break 
occurs in the winding between Sj Sj in 
a step-dowm transformer, for instance, 
the higher primary voltage is applied to 
the low tension apparatus and leads. 
This is another reason for limiting the 
utility of the auto-transformer to cases 
where T is small. In addition, part of 
the winding has to be thick enough to 
stand the primary current, and the 


whole well enough insulated to stand the secondary voltage. 


For these reasons an iron-cored auto-transformer is not used in wireless telegraphy for alter¬ 
nating currents, but the principle is an important one to understand, as it often comes in when 
considering, for example, how to join up aerials coils in oscillating circuits, and in many other cases. 


372. Open-core Transformer*. —By an “ open-core ” transformer is meant one where the 
iron magnetic circuit is not complete, as in the induction coil. 

Fig. 171 (c) illustrates the primary and secondary windings of an induction coil. 

Here the windings are wound over an iron core, but the return path for the magnetic, lines of 
force consists of air, and magnetic leakage is much greater. 
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373. Alr>cor«d R/F Transformers.^These include the various arrangements used for 
transferring energy at high frequency from one oscillatory circuit to another by means of a mutual 
inductive coupling. Many examples will be found later in connection with transmitting and receiving 
circuits. 

Usually these transformers have no iron core, and the inductances concerned are of the order 
of microhenries. 

In an R/F transformer there is considerable leakage, and hence it cannot be assumed that the 
voltage across the secondary is T times that across the primary ; for tliis reason care must be taken 
in employing the term “ transformer ratio ” in connection with R/F transformers (c/. “ F,” 19). 

A.C. MEASURING INSTRUMENTS. 

374. Ammeters and Voltmeters. —It was pointed out in paragraph 273 that any instrument 
whose pointer deflection is proportional to the first power of the current is useless for A.C. measure¬ 
ments, as the mean deflection of the pointer is zero. If, however, the pointer movement depends 
on the square of the current a mean deflection of a definite amount is produced, and an instrument 
operating on this principle, and calibrated for direct current, reads R.M.S. values of alternating 
current. Of the instruments described in Chapter III, this eliminates the moving coil ammeter or 
voltmeter, leaving as measuring instniments suitable for A.C., 

(«) Hot-wire ammeter and voltmeter. 

(6) Moving-iron ammeter and voltmeter. 

(c) Electrostatic voltmeter. 

To these may be added :— 

(d) Thermo-couple ammeter and voltmeter, which are used very seldom in D.C. work, but 

sometimes used for radio-frequency measurements. 

(e) Rectifier instruments (187), which are particularly applicable to the measurement of 

low voltages and currents. 

(a) Hot Wire Instruments. —^These have been almost entirely superseded for low-frequency 
measurements, c.g., in power supply circuits, by the more accurate moving-iron instruments, but 
are still largely used for radio-frequency measurements as their readings are independent of frequency 
over a considerable range. Up to about 50 kc/s. shunts of ordinary t}q)e can be used to extend 
the range of these instruments, but above this frequency “ skin effect ” becomes important in 
altering the effective resistances and the current paths must be made absolutely symmetrical with 
respect to the hot wire. This is sometimes effected by making the hot wire one of a number of 
conductors in parallel, arranged in the form of a squirrel cage, but a better method is to step-down 
the current to a suitable value by a radio-frequency transformer, the primary winding carrying the 
current to be measured and the hot-wire being connected across the secondary. The iron core of 
such a transformer must be very thoroughly laminated to prevent excessive power losses. With 
such a transformer, currents of 1,000 amperes can be measured at any frequency up to at least 
1,000 kc/s. 

(b) Moving Iron Instruments. —^As mentioned above, these instruments 
are used for low-frequency as opposed to radio-frequency measmements. 
Within this range their readings are moderately independent of frequency, 
particularly in the case of the ammeter. The voltmeter, owing to its rela¬ 
tively high self-inductance, may be seriously affected, so that if calibrated at 50 
cycles/sec. an error of as much as 40 per cent, may occur at 500 cycles/sec. 
The arrangement shown in Fig. 172 illustrates one method of compensating for 
this defect. W is the winding and R is the non-inductive series resistance. 
To compensate for frequency errors, R is shunted by a condenser C. The 
reactance of this condenser decreases as the frequency increases, and so the 
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impedance of the C-R parallel circuit decreases sufficiently to compensate for the increase in 
reactance of the winding. 

A \\[ell-designed attracted-iron instrument will give almost as accurate readings as a 
moving-coil instrument and is often employed in A.C. circuits where accuracy is necessary, e.g., 
in measuring the filament voltage of valves. 

(c) Electrostatic Voltmeter.—It was shown in paragraph 189 that the pointer move¬ 
ment of this instrument was proportional to the square of the P.D. between the fixed 
and moving plates, so that when calibrated for D.C. voltage it reads R.M.S. alternating voltages. 
As it is unaffected by temperature changes, stray magnetic fields, changes of frequency or wave¬ 
form, and wastes no power, it is a very suitable instrument for A.C. measmements. 

(i) Thermo-Couple Instruments.—^Thermo-electric effects are fully described in the Section 
on wavemeters. It is sufficient to state here that if two wires of different metals are connected to 
form a closed circuit, and one junction of the two wires is raised in temperature relatively to the 
other, an E.M.F. is set up between the hotter and colder junctions, proportional to their temperature 
difference. The E.M.F. is not affected by inserting a wire of a third material in some intermediate 
part of the circuit. 

Fig. 173 shows the arrangement of an ammeter based on this effect. The thermo-junction C 
is atta^ed to a heater wire AB, which carries the current to be measured. The heat developed in 
AB is proportional to the square of the current, and so the rise in temperature, and consequently 
the thermo-electric E.M.F. produced, is roughly proportional to, the square of the current. The 

moving-coil milli-voltmeter V measures this E.M.F., so that its 
deflection is also roughly proportional to the square of the current 
through the heater, and it can be calibrated in R.M.S. values. 

This instrument is largely used for radio-frequency measure¬ 
ments. For large currents (above 10 amps.), or high frequencies 
(above 1,000 kc/s.), errors due to “ sldn effect ” are appreciable and 
special calibration is necessary. The radio-frequency current may 
also find its way into the thermo-couple circuit with consequent 
losses due to stray capacity. To prevent this, the heater is some¬ 
times electricaUy insulated from the thermo-couple, while main- 
with it. This precaution is only effective up to medium radio- 



Fig. 173. 

taining close thermal contact 
frequencies. 


375. Frequency Meters.—^The measurement of frequency is an important part of alternating 
current practice which has no parallel in direct-current work. Measurement of radio-frequencies 
is accomplished by wavemeters, which are described in Section “ W." Here we we simply concerned 
with the instruments which measure frequencies from 50 to 1,400 cycles/sec., such as are often 
encountered in the circuits used for H.T. and filament supplies in transmitters. 


376. The three types of frequency meter used in the Service are :— 

(a) Reed type, (fc) inductor type, (c) magneto-generator type. 

(a) Reed Type.—It has been seen that in an electrical oscillatory circuit there is a definite 
frequency (the resonant frequency) at which an applied E.M.F. gives a maximum ciurent. A 
mechanical oscillatory system behaves in a similar manner. The amplitude of vibration produced 
by an applied periodic force depends on the period, and is a maximum when the frequency of the 
applied force is the same as the resonant frequency of the oscillatory system. This is the principle 
of the reed type of frequency meter, a diagram of which is shown in Fig. 174. 

A small piece of soft iron X is attached to one end of a thin steel blade R (the reed "), whose 
other end is firmly held to the supporting structure. This structure carries a l^inated core of sofi 
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iron, and wound on this is a coil W, through which flows the current whose frequency is to be 

ascertained. The alternating flux due to the core magnetises 
X, and the resultant force between X and the core is 
proportional to the square of the ciuxent, as in a moving- 
iron anuneter. It is therefore always in the same direction 
and has two maxima per cycle of alternating current. The 
reed is thus acted on by a periodic force of twice the 
frequency of the alternator. If this force has the same 
frequency as the resonant frequency of the reed, large 
vibrations are set up in the reed, but as the reed is a highly- 
damped system, its amplitude of vibration is very small if 
the applied frequency has any other value. 

A number of reeds of differing known frequencies are 
mounted in this fashion and only the one whose resonant 
frequency is twice the alternator frequency gives a notable 
response. The top of each reed is whitened or reddened 
and is visible through a slot in the cover of the instrument. 
When its amplitude of vibration is large it appears to the eye 
as a broad white or red band because of the persistency of the impression on the retina. Reeds 
of neighbouring frequencies show a slight broadening and the remainder are not appreciably affected. 
This is a very accurate and sensitive type of frequency meter. 



Fig. 174. 


(b) Inductor Type.—^This is a simpler instrument designed to cover only a small range of 
frequencies around some standard frequency. The principle is shown in Fig. 175. Two field coils 
whose axes are at right angles act on a light freely-pivoted iron vane carrying a pointer. The 

direction in which the pointer sets itself depends on the direction 
of the resultant field of the two windings. One end of each winding 
is conunon and the other ends are connected to an inductance and 
resistance respectively. The current through the resistive path is 
nearly independent of frequency, while that through the inductive 
path is inversely proportional to the frequency (I = V/toL). The 
ratio of the currents and therefore the direction of the resultant 
field thus alters with the frequency, giving a different equilibrimn 
position of the pointer at each frequency. 

(c) Magneto-Generator Type.—In this instrument a small 
magneto-generator is driven off the shaft of the alternator whose 
frequency is required. The E.M.F. of the generator is directly 
proportional to the speed of rotation of the armature and is read 
on a moving-coil voltmeter. The frequency of an alternator in 
cycles/sec. is given by the product of the speed in revs./sec. and 
the number of pairs of poles (paragraph 196). It is thus directly 
proportional to the reading of the voltmeter, which can be calibrated 
for frequencies. 

377. Aerial Ammeter Transformer.—It was seen in para¬ 
graph 185 that, in order to increase the range of ammeters for 
measuring direct currents, they might be shunted. This procedure 
cannot be applied to ammeters for A.C. because, in general, the 
inductances of both the ammeter itself and the shunt are appreciable 
and their mutual inductance may also be large enough to matter. 
The distribution of current between ammeter and shunt is determined, of course, by the ratio of 
their total impedances, which may be very different from the ratio of their resistances and moreover 
varies with frequency. This eff^ will 1 m particularly pronounced at radio-frequencies, when the 
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ratio of the inductances may often give a better criterion of the distribution of current than the 
resistance ratio. 

A common Service method of measuring aerial current, when the ammeter has too small a 
maximum reading to be inserted directly in the aerial circuit, is to employ a “ toroidal transformer," 
as illustrated in Fig. 176, the primary being the aerial wire and the secondary the toroidal coil whose 
terminals are connected to the ammeter. The concentration of the flux in a toroid inside the coil 
itself has already been referred to on several occasions (c/. paragraph 152). Thus the mutual flux- 
linkage of the primary and secondary is small and the current flowing in the coil is considerably 

stepped down compared with the aerial current. Further, the 
back reaction of the current flowing in the coil on the aerial and 
other neighbouring circuits is minimised. 

VARIATION OF ELECTRICAL QUANTITIES 
WITH FREQUENCY. 

378. The assumption of constant resistance, inductance and 
capacity at various frequencies is by no means justified in 
practice ; for instance, the ohmic resistance of a circuit is much 
larger to a radio-frequency than to^a direct current, and again 
a coil which at first sight would seem an inductance, may actually 
have capacitive reactance. A short account of some of the more 
outstanding points in the behaviour of electrical circuits will now 
be given. 



379. Resistance.—The definition of the resistance of a 
circuit by means of Ohm’s Law is really equivalent to the state¬ 
ment that all the electrical energy supplied to the circuit is 
directly converted to heat. Now, though this is the case when a direct current is flowing, it ceases 
to hold for alternating currents. It has already been seen that part of the energy supply to an 
A.C. circuit niay be transferred to neighbouring circuits if there is mutual induction. Likewise, 
condenser losses also account for some of the energy. Eddy currents and hysteresis cause energy 
loss, and in high-frequency circuits, energy radiated as “ wireless waves ’’ may be a considerable 
fraction of the energy input. The idea of the resistance of a circuit as being merely the “ ohmic " 
resistance of its conductors has, therefore, to be generalised. Resistance is directly connected 
with power dissipation by the formula RI* = P (power), which has been seen to hold both for 
direct and alternating currents. It is therefore convenient (in fact it is forced on us by circum¬ 
stances), to define the resistance of a circuit to alternating current as 



This amounts to finding an equivalent “ ohmic ” resistance for each source of energy dissipation, 
such that when the said resistance is multiplied by the square of the current it gives the energy 
dissipated per second. These resistances, however, no longer obey Ohm's Law and so the resistance 
as above defined will vary with current and frequency. 


380. Skin Effect.—It is found that even the true “ ohmic resistance " of a circuit to alter¬ 
nating current, e.g., the ratio of P.D. to current in a straight conductor, is not constant but increases 
with frequency. This is due to the fact that when an alternating current flows in a conductor, the 
distribution of the current over the cross section of the conductor is not uniform. 

If a direct current of 2 amps., for instance, were flowing through a conductor whose cross section 
is 0-02 sq. cms., we might split the conductor lengthwise into two conductors each of cross section 
0*01 sq. cm., and it would be found that imder the sanae conditions 1 amp. flowed in each part. 
The conclusion that the resistance of a conductor is inversely as its area was derived from such 
reasoning (paragraph 61). If the total resistance of the original conductor was 1 ohm., the resistance 
of each part would be 2 ohms, giving their equivalent resistance in parallel as 1 ohm. The total 
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power dissipation RI* is 4 watts, whether it is calculated as 1Q x (2 amps.)* or 2 x 212 x (1 amp.)*. 

Suppose now that instead of the current distributing itself equally between the two parts, it 
could be arranged that 1 • 5 amp. flowed in one part and 0 • 5 amp. in the other. The power dissipation 
would then be given by 

2 Q X (1 "5 amp.)* -j- 2 Q x (0*5 amp.)* = 4-50 + 0-50 = 5 watts, 
and the equivalent resistance, as calculated from the power dissipation would be 


_ P _ 5 watts 
~ I* ” (2 amps)*~ 


1-25 12 


i.e., the equivalent resistance has increased by 0-25 Q owing to the non-uniform current distribution. 

This uneven distribution of current across the cross section of a conductor actually occurs when 
an alternating current is flowing, owing to the E.M.Fs. induced in the conductor. Consider the 
case of a straight conductor. The lines of flux are circles round the conductor. During one cycle, 
they start with zero number, rise to a maximum, fall again through zero to a minimum (or maximum 
value in the opposite direction) and rise to a zero value again. The number interlinking with the 
material of the conductor is thus continually altering and E.M.Fs. are induced in the conductor. 
In the central part of the wire all the flux lines, in being produced or in disappearing, must cut the 
material of the conductor; but towards the outer surface of the conductor this is not the case. 
The flux lines which were established in the central part of the conductor itself obviously do not 
cut the outer parts of the conductor in disappearing, and so make no contribution to the E.M.F. 
induced in these outer parts. The induced E.M.F. is thus not constant over the cross section of 
the wire, but increases in value from the surface to the centre. The result is that the current finds 
an easier path along the outer parts of the conductor, and a greater part of it proportionately flows 
there than in the central parts. This uneven distribution of current leads, as shown above, to the 
power dissipation in the conductor being increased, and so to an increase in its resistance. , 

This tendency of alternating currents to flow in the outer parts or “ skin ” of a conductor is 
called “ skin effect." 

We should expect it to increase with frequency (/) since the higher the frequency, the greater 
is the rate of change of flux ; and with increase in the area of cross-section of the conductor, which 
increases the disproportion between the flux cutting its outer and central parts. At radio frequencies 
it is very pronounced and practically no current flows except in the skin of a conductor. For this 
reason transmitting inductances are often made of copper tubing instead of solid copper. The 
effect also depends in amount on the permeability (x and resistivity p of the conductor. Expressed 
as a formula, this may be written 



where d is the diameter of the conductor. 

It is important to keep the resistance of leads, coils, etc., used in W/T circuits as low as possible 
to prevent power losses as heat, and this is generally achieved by the use of stranded “ Litz ” wire. 
If the strands are insulated from each other, and interwoven so that each strand has the same part 
of its total length on the surface of the resulting cable, and therefore the same proportion in the 
interior of the cable, as the others, a much more uniform distribution of current over the cable may 
be obtained and a corresponding decrease in skin effect. The skin effect in the individual strands 
themselves, however, is still pronounced at high frequencies. Another obvious precaution is never 
to use iron wire because of its high permeability. If, in aerials, for example, iron wire must be 
employed because copper wire is not strong enough, it should be galvanised. The galvanised outer 
skin will then carry all the high frequency current. 

For use as aerial wire on board ship, insulated wire is inefficient as it collects a film of soot, etc., 
from funnel smoke, which gives it a high resistance skin. On the other hand, bare wire is corroded 
by sulphur fumes for the same reason, which also increases its skin resistance. Bare wire coated 
with anti-sulphuric enamel is therefore generally used. 

' • ■ s 
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When the conductor is wound as a coil or solenoid, the non-uniformity of distribution of current 
is still more marked than when it is straight. Owing to the arrangement of the flux lines in a <»il 
(Fig. 19). the side of the wire further from the former is cut by more flux lines than the nearer side 
and so the current tends to flow on the inner side of the wire. Thus the increase of resistance with 
frequency is greater in a conductor wound as a solenoid than in a straight conductor. The greater 
the number of layers in the winding the more pronounced is the skin effect, as would be expected. 
Another factor tending to increase the apparent resistance of a coil is its self-capacity, which is 
considered below. 

381. Inductance.—In winding a coil, the straightforward method is to wind the wire along 
the former in the bottom layer, as shown in various previous figures representing solenoids, then to 
wind another layer above the first one in the reverse direction until the starting point of the winding 
is again arrived at, and so on. The result is that adjacent turns in the winding may be at very 
different potentials. In a two-layer winding, for example, the first and last turns wound on would 
be adjacent, and their difference of potential would be the total P.D. across the winding. They 

are separated from each other by the insulation of 
the wire and so form in effect a condenser. It is 
obvious that the condenser is in parallel with the 
total winding. In a similar manner, every turn of 
the winding has a certain capacity to every other 
turn, and the combined effect of these capacities 
may be taken as a capacity in parallel with the 
inductance of the coil. The coil is thus really a 
parallel circuit of the type discussed in Chapter V, 
and instead of its reactance increasing steadily with 
frequency, it rises to a peak value at the frequency 
at which the self-capacity of the coil tunes with its 
inductance. At higher frequencies the reactance is 
capacitive. This is further discussed in Section “ F." 

It has already been explained that at its resonant frequency the “ rejector circuit " behaves as 
a very large resistance and it will be obvious that even at frequencies removed from resonance, 
this tendency will be to some extent in evidence, i.e,, the effect of the self-capacity is to increase 
the component of the applied E.M.F. in phase with the current and so to increase the power loss 
in the coil. In other words, the A.C. resistance of the coil is increased. 

The effect of self-capacity in a single layer coil is not nearly so large, as adjacent turns do not 
differ so much in potential. It can be decreased in a multilayer coil by winding the turns on top of 
each other in the same plane as in the ordinary frame coil winding, Fig. 177 (a), or by arranging the 
layers in a banked winding, as in Fig. 177 (6), where the order in which the turns are wound on is 
shown by the numbers. Another method is to adjust the thickness of the air spacing between turns 
and layers. A spacing approximately equal to the diameter of the wire gives minimum self-capacity 
effect. The object in each case is to reduce the P.D. between adjacent turn?. 


FRAM£ COIL 
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BANK- WOUND COIL 


Fig. 177. 


382. Tapped Inductances.—It often happens in wireless sets that tuning adjustments are 
obtained by varying the amoimt of inductance in a circuit. This may be effected by having a 
variable contact on a coil, which according to its position alters the number of turns in circuit; 
alternatively, several coils of different inductance may be separately wound on the same former 

and the inductance altered by varying the 
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Fig. 178. 


number of such windings included in the 
circuit. These methods are illustrated in 
Fig. 178 («) and (6). The unused turns or 
windings are supposed to be “ dead,".».«., to 
have no effect on the rest of the circuit, but 
actually, owing to their self-capacity, it will 
be seen that they are in reality closed os^atory 
circuits, which are closely coupled by auto- 
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inductive or mutual couphng to the circuit aimed at. If these unwanted circuits happen to tune 
at a frequency not greatly different from that being employed, they may absorb a large amount of 
energy from the main circuit, and increase its apparent resistance considerably (paragraph 334). 
In addition, they alter its resonant frequency and may even produce a noticeable double frequency 
effect. It may often be foimd advisable to short-circuit the unused turns, as the impedance of 
their inductance by itself may be much greater than the impedance of the turns in conjunction with 
their self-capacity; a much smaller current will then flow in the unused turns. The question of the 
best procedure depends on the munber of unused turns. A large number should be short-circuited ; 
a small number should be left open. 


383. Cores for Inductances. —The advantages of ferromagnetic cores in increasing and 
concentrating the flux-linkage with a coil for a given current have already been discussed. The 
difiiculties found in their use with radio frequency currents arise principally from the loss of energy 
due to eddy currents in the core; comparatively speaking, the hysteresis loss can be neglected. 
Even with well-laminated iron cores the losses at radio-frequencies due to eddy currents render their 
use prohibitive. Two effects are produced :— 

(1) Owing to the power losses, the apparent resistance of the coil is greatly increased. 

(2) The flux produced by the eddy currents is in the opposite direction to that produced 

by the magnetising current in the coil. The result is that the resultant flux in the 
core is much smaller than with a direct current of the same strength, i.e., the 
permeability of the core appears to be considerably lower. 

The eddy current losses increase with frequency and so the inductance of the coil decreases 
as the frequency increases. This may be so pronounced that the inductive reactance of an iron- 
cored coil remains nearly constant over a large range of frequencies or even falls as the frequency 
increases. In general iron-cored coils are used only in the audio-frequency stages of wireless sets. 

The copper losses in such coils are generally negligible compared with the iron losses, and little 
advantage is gained by using wire of large diameter. 

Many endeavours have been made to reduce the iron losses at high frequencies, and special 
iron and steel alloys, such as permalloy (an alloy of steel and nickel), have been developed, possessing 
especially large permeabilities for small magnetising currents (cf. “ F '' 20). Another method is to 
reduce the size of the laminations by using iron dust for the core, the dust particles being coated 
with insulating cement. The eddy current loss is thus considerably reduced, but in the earlier cores of 
this type it was found that the permeability was also very much less. It was later discovered that, 
by subjecting the coated dust particles to high pressures in moulds, they could be made to bind 
together, and a material of low eddy current loss and yet of high p)ermeability could be obtained. 

It is usually the case that when coils are being 
used for wireless purposes, a direct current is flowing 
through them, and the high-frequency alternating 
current, often of smaller amount, is superimposed 
on this. The result in an iron-cored coil is that the 
iron is already magnetised to a degree corresponding 
to the point on the permeability curve for the direct 
current flowing. Care must therefore be taken, when 




'7fr»)the alternating current is superimposed, that the 
maximum cmrent values do not bring the iron to 
a saturated condition. The effect of this is shown in 
Fig. 179 (a). It produces a distortion of the alter- 
natingfluxwavefrom thesinoidalform and therefore 
a similar distortion in the wave form of the induced E.M.F. The permeability is also less the nearer 
the direct flux is to saturation point, and so the value of the induced E.M.F. is decreased. It may 
quite often occur that an air gap in the iron core will produce an increase in the A.C. inductance of the 
coil, by bringing down the working point on the permeability curve, owing to the increased reluctance 
oi the core. 
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Even on the steep part of the permeability curve the apparent permeability for alternating 
current is less than woxild be found for direct current. This is shown in Fig. 179 (6). The loop 
described in a cycle of magnetisation corresponding to a cycle of the alternating current is not the 
YZ loop, as might be expected, but the loop Y'Z'. The average slope of Y'Z' is less than that of 
YZ, i.e., the A.C. permeability is decreased. 

384. Transformers.—^The remarks above on ferromagnetic cores also apply to transformers. 
The limitations which prevent high transformation ratios will be better appreciated when the 
conditions under which transformers operate in wireless circuits have been considered. It may be 
pointed out at this stage, however, that the self-capacity of the windings means that at high 
frequencies the transformer secondary is closed through a circuit of comparatively low reactance. In 
addition, the coupling between the primary and secondary coils at radio-frequencies may be as 
much capacitive as inductive, owing to the self-capacity between the windings, and caution must be 
exercised in appljdng the results derived earlier in this chapter for power transformers. 

A simple example of this is to be found in the variometer. If the magnetic coupling between 
the fixed and moving coils is alone considered, the mutual inductance is zero when the coils are at 
right angles, and no E.M.F. should be produced in either coil by changes of the current flowing in 
the other. At high frequencies it is found that the capacitive coupling produces an E.M.F. in this 
position and zero E.M.F. is actually obtained at some other angle where the mutual inductive and 
capacitive couplings are equal and opposite. 

385. Capacity.—^The effect of dielectric losses, etc., in increasing the resistance of a capacitive 
circuit have already been discussed. Perhaps the most important point to grasp about capacities 
at high frequencies is the low reactance of even minute capacities and the easy shunt paths they 
provide, with consequent loss of H/F current where it is required. This may best be realised by 
giving a comparative table of the reactances of a capacity of ’001 pF and of an inductance of 100 
microhenries at various frequencies. 


/. 

■001 OF (x. . 

100 nH 

(Xl c= 2nf X 10-*) 

100 cycles/sec. 

1 * 59 megohms. 

0 *063 ohm. 

1 kc/s. 

159,000 ohms. 

0*63 ohm. 

1 Mc./s. 

159 ohms. 

630 ohms. 

100 Mc./s. 

1 *59 ohms. 

63.000 ohms. 


In wireless sets for high frequencies it is often found that the inductive reactance of a proposed 
earth lead is high enough to provide an appreciable obstacle to H/F currents, and a large condenser 
is inserted in the lead to reduce the reactance to a negligible amount (H/F earth). By-pass con¬ 
densers are also frequently used to conduct H/F currents to earth by the shortest possible path in 
order to prevent unwanted coupling between the various stages of a wireless receiving circuit. 
Examples of this will be found in later chapters. 


SCREENING OF W/T APPARATUS. 

386. Electromagnetic and Electrostatic Screening. —Most especially in the case of 
receivers, it is frequently necessary to provide electrical isolation for certain stages, or for the 
inductances and condensers composing them, or for the receiver itself. This is necessary in order 
to prevent unwanted inter-coupling between units or components, and to stop external fields from 
producing unwanted interference. 

The spreading of electrostatic or electromagnetic fields can only be prevented by confining 
them within shields, the nature of which may vary with the frequency, and depends on whether 
^ectromagnetic screening, or electrostatic, or both is intended. 
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In modern receiver construction, it will be observed that the screening of units is effected by 
placing them in separate metal enclosures, within which certain tuning coils or condensers may be 
further screened by covering them with metal shields or cans. The metals employed are usually 
copper or aluminium, and in certain cases ferro-magnetic materials, all screening cases being earthed. 


ELECTROSTATIC SHIELDING.—The principle of E.S. shielding was referred to in para¬ 
graph 104. It is necessary whenever there is a large difference of potential between parts of a 
circuit which are close to each other in the assembly. The interposition of an earthed metal shield 
provides a terminal on which lines of force may end, and thereby acts as a screen. Where more 
complete E.S. shielding is required, each individual component must be enclosed within a metal 
conductor, the latter forming a Faraday cage which effectually provides electrical isolation for 
anything that is in it. 


(a) 


E.M. AND E.S. SHIELDING AT L/F.—In this case, use is made of the high permeability 
of ferro-magnetic materials. As shown in Fig. 180 (a), lines of force from the north pole of the bar 
magnet crowd into a sheet of iron in preference to following a high reluctance path in air. If the 
sheet of iron is thick enough it may provide effective screening of apparatus beyond it. Fig. 180 {b) 

represents a coil carrying a current, 
the whole completely enclosed in a 
ferro-magnetic shielding box. Lines 
of force from the coil take the 
shortest path to the shield and travel 
through it, the latter acting as a 
magnetic short circuit preventing the 
E.M. flux from spreading outside the 
screening box. This method of screen- 
is commooly seen in the A/F 
stages of receivers, and elsewhere 
when the frequency is below (say) 
15 kc/s. 
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Fig. 180. 


(c) 


E.M. AND E.S. SHIELDING 

AT R/F.—At R/F it is found that more effective shielding is provided by employing a different 
electrical principle. The ferro-magnetic screening box is replaced by a non-magnetic metal of 
high conductivity, and shielding is achieved by eddy current action. When E.M. flux cuts the 
material of the screening box, eddy currents are set up which produce magnetic fields of their own 
in opposition to the original field. The action of these opposing fields makes the field outside the 
shielding box negligibly small, an effect which may be represented as in Fig. 180 (c). 

This shielding action increases with frequency and with increase in conductivity of the screening 
material; the induced voltage which gives rise to eddy currents is proportional to the rate of change 
of flux, for which reason at radio-frequencies effective screening can be given by the use of lighter 
non-magnetic materials. 

Aluminium and copper are metals commonly employed for shielding purposes. For efficient 
shielding, the resistance offered to eddy currents must be small; all joints in the screened com¬ 
partments must be electrically perfect. 


ELECTROSTATIC SHIELDING WITHOUT MAGNETIC SHIELDING.—In some cases 
this is necessary, a Service example occurring in Direction Finding (T.l 1). In that case, the coil 
to be screened was surrounded with an earthed metal conductor in which steps were deliberately 
taken to provide a high resistance path to eddy currents in certain directions. In general, this 
effect may be accomplished by arranging a metal conductor so that its surface is approximately 
paraUel to the magnetic field ; under those conditions the magnetic flux does not cut the screen, and 
po eddy currents, with their opposing magnetic fields, will be generated. T ** 10 gives another 
&rvice example. 







Chapter VI. 


EFFECTS OF SHIELDING.—Screening by eddy current action naturally involves certain 
losses, the effect of which renders the design of screened inductances a matter of considerable 
dii^culty. Very often the maximum dimensions of the screening box are fixed from considerations 
of the space available, and the problem for the designer is to choose the size and form of coil of given 
inductance which will have the highest efficiency when enclosed in the given screened compartment. 

If the coil is made too large, its efficiency in air may be good but, owing to its proximity to the 
screening box, the losses in the latter may be increased out of all proportion ; on the other hand, 
if the coil is made too small, its own resistance may become unreasonably high. 

The efficiency of a tuning inductance may be measured by its “ log dec.,” or in other ways 
(” D.” 40; “ W." 9). The log dec. (8) is given by d = R/2/L (paragraph 397), where R is the 
H/F resistance in ohms at frequency /, and L is the inductance in henries. The value of 8 is not 
constant, but its variation with frequency is much'less than that of R or R/L. Moreover, log 
decrements can be used to obtain a comparison between coils of entirely different inductance values 
at widely var 3 dng frequencies. 

When an inductance is enclosed in a metal shield the value of 8 alters, since the apparent H/F 
resistance (R) is increased and the apparent inductance (L) is decreased; these two factors con¬ 
tribute towards increasing the effective log dec. of the coil. The increase in effective H/F resistance 
is due to the loss of power in eddy currents. The decrease in inductance is due to the restriction 
of the magnetic flux within the shielding box ; the reluctance of the magnetic circuit is increased, 
the flux is decreased, and the effective inductance is therefore made smaller. 

In general, losses are not excessive providing high conductivity screening material is used, 
and the latter is not too close to the coil; a rough rule is to space the coil from the walls of the 
screen by a distance about equal to the coU radius. 
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THE OSCILLATORY CIRCUIT: DAMPED OSCILLATIONS. 

387. Wireless Radiation.—Communication by wireless has been rendered possible within 
the last fifty-five years because methods have been devised by which disturbances of an electro¬ 
magnetic nature can be propagated through the aether from tramsmitting apparatus amd received 
on suitable receiving apparatus at a distance from the transmitter. 

The investigation of the subject falls therefore into three sections :— 

(1) The methods by which the electro-magnetic disturbauices are produced. 

(2) Conditions affecting their paissage from tramsmitter to receiver through the intervening 

medium—the aether. 

(3) The methods by which the electro-magnetic disturbauices are detected and rendered 

apparent to the senses. 

This section is to be considered ais am introduction to the theory of the oscillatory circuit, on 
which the spauk tramsmitter is baised. 

The first essential in wireless transmission is the production of a radio-frequency alternating 
current in a suitable circuit, from which, ais we shall see in Section “ R,” it is possible to detach a 
ccrtadn aunount of energy which creates the electro-maignetic disturbance. Such a high-frequency 
ailtemating current may be of two different types, its wave form being either “ Damped ” or 
“ Undamped,” adso referred to ais “ Continuous.” (Sc« Chapter I.) 

The wave form of the resultant electro-magnetic disturbance is the same as that of 
the alternating current which produces it. 

The spauk system of wireless telegraphy gives damped waves; the vadve system damped or 
continuous waves at will. 
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There is another method, the high frequency alternator system, which produces continuous 
waves, but it is not used in the Navy. For efficient radiation, the frequency of the alternating 
current in the trwsmitting circuit must be high, so that the design of an alternator which would 
produce the requisite frequencies is difficult, and the alternative methods given above are preferred. 

Historically, the first type of transmitter to be rendered effective was the spark transmitter, 
producing damped waves. We shall therefore start our investigation of the subject by con¬ 
sidering the production of damped waves, or, what amounts to the same thing, damped high 
frequency alternating current. 

There are two definite divisions in this investigation :— 

(1) The theory of the oscillatory circuit. A circuit containing inductance and. 

capacity, with small resistance, has damped high-frequency alternating currents 
produced in it if a certain amount of energy is isolated in the circuit, and allowed 
to discharge through the circuit. This subject is dealt with in the present chapter. 

(2) The charging circuit arrangements. These are the methods by which the 

oscillatory circuit is supplied at frequent intervals with the necessary amount of 
energy for oscillatory action to take place, and rendered efficient as a transmitter 
of damped waves. They are dealt with in Section “ A." 

The distinction between these two headings must be clearly understood. 

388. The Oscillatory Circuit.—^The oscillatory circuit used in a spark transmitter is made 
up of a condenser in series with an inductance and a spark gap. The first thing about this circuit 
which must be grasped is that the spark gap is included purely and simply as a means by 
which energy can be introduced into and isolated in the circuit. The obvious way in which to 
introduce energy into the circuit is to charge up the condenser to a potential V, when the energy 
stored in the condenser will be ^CV* joules. If the circuit from one plate of the condenser to the 
other were continuous it would be impossible to charge it up to a def^te potential difference, and 
so the spark gap is introduced. 

During the oscillatory action, however, which is what we are investigating, the insulation of 
the spark gap breaks down, and the circuit becomes effectively one containing R, L and C in series. 

The spark gap behaves as a switch vvhich closes automatically whenever the condenser acquires 
a certain charge, and opens again when the condenser is fully discharged. 

The Mechanical Case.—Before going on to the detailed investigation of the electrical circuit, 
it is useful to consider a mechanical analogy. 

Let us take a mechanical oscillator, consisting of a weight and a spring. (Fig. 181 (a).) 

The spring is fixed in a horizontal position to a wall and carries the weight on its free end. 
Imagine the weight to be pulled and held to one side, as in Fig. 181 (i) (1). The spring is bent, 
thereby storing up energy in itself, and has a strong tendency to spring back again. The energy 
stored in the spring is known as potential energy. When it is released, it will spring straight, 

setting the weight in motion. The moving weight, owing 
to its inertia, will not stop dead when the spring has 
straightened (i>) (2), but will continue past the middle 
position and swing to the right until it comes momentarily 
to rest in position (b) (3). 

When the weight is in position (b) (2), there is no 
energy locked up in the spring, which is not deformed, 
but the weight possesses kinetic energy by virtue of its 
motion. In position (6) (3), when the weight is just at 
rest, the energy is again stored up in the spring as potential 
energy. It then swing back again. So we have a 
transference of energy from the potential to the kinetic 
form occurring every quarter cycle, if we look on the 
sequence of events from position (1) imtil the weight 
returns there as being a complete cycle. 


WAtu 



(«) W) 


Fio. 181. 
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The oscillation continues until the energy originally stored ii the spring has been expended in 
various frictional losses. 

The rate at which the arrangement will oscillate will depend on the weight and on the length 
and elasticity of the spring. A short stiff spring and a small weight will oscillate much more 
rapidly than a long weak spring and a heavy weight. 

The above is an exact mechanical analogy for the electrical oscillations we are about to consider 
—the mass representing the inductance, the spring the condenser, the velocity of the weight the 
current and the compression of the spring the voltage to which the condenser is charged. 

The Electrical Case.—Let the condenser be C, the inductance L, and the spark gap G, as in 
Fig. 181 (<f). 

The source of high voltage supply V is assumed capable of charging the condenser C up to a 
high voltage at regular intervals. 

(a) Assume the condenser to be given a cliarge of Q coulombs [as in Fig. 181 (d)]. Then the 
right-hand plate of the condenser and the upper spark plug will have a positive charge, and an 
equal and opposite negative charge will be distributed over the left-hand plate, the surface of the 
inductance L, and the lower spark plug. Between the condenser plates the electrons in the dielectric 
will be strained to one side, and similarly for the electrons in the spark gap. The potential difference 
across the condenser will be 

V = ^ volts. 

The energy stored in the condenser will be 

JCV® joules. 

(i) Assume that the spark gap G has been set to such a width that, when the ’charge put into 
the condenser has risen to its maximum value, the voltage across the gap is suf&cient to break down 
the insulation of the air. The spark gap now becomes effectively a resistance included in the circuit, 
of value less than 1 ohm, and usually about 0-01 ohm, or slightly above. There will be a drift of 
electrons in a counter-clockwise direction, or an electric current from the right-hand plate across 
the gap, through L, to the left-hand plate. 

A conductive bridge is set up between the spark plugs, composed of positive and negative ions 
of air, and small partides of copper driven off from the spark plugs. This constitutes a convection 
current. 

As the current gradually rises from zero it builds up 
a magnetic field, and when it has reached its maximum 
value I, the energy stored in the magnetic field is ^LI*. 
At the same time, the potential difference across the con¬ 
denser is zero, so that all the energy in the system is now 

5, in the magnetic field, instead of being in the electric field, 

as at the beginning of the current flow. Assuming no 
Fig. 182. resistance losses, 

iLP = iCV». 

in the luechanical analogy, at the corresponding point in the cycle, the energy is all kinetic 
apd situated in the moving weight, while at the beginning it was all potential and stored in tlie 
spring. 

(c) When the P.D. across the condenser is zero, there is no voltage left to keep the current 
flowing. 

It will not, however, stop instantaneously, but will continue flowing for some time while the 
magnetic field dies down. By Lenz’s law, the collapsing magnetic field sets up an E.M.F. in the 
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Fig. 183. 


inductance opposing the cause of its collapse, i.e., the reduction of the P.D. and the current to zero, 
and hence it tends to maintain the current flowing in the same direction. When the magnetic 

field has entirely died away, the condenser is charged up 
again, but now positively on the left-hand plate, and 
negatively on the right-hand plate. 

At this stage of the operation, the energy in the 
system is again in the form ^CV*. 

In the mechanical case, the enerj^ was at this stage 
concentrated once again in the spring, the latter being in 
position (3) in Fig. 181 (b). 

The conductive bridge between the spark plugs is not broken down at this moment, because 
the P.D. across the condenser immediately sets up an increasing current in the opposite direction. 

(d) As before, after an interval of time, the current rises 
to a maximunf value I and the P.D. across the condenser 
falls to zero, the whole of the energy being again in the 
form iLP. 

(e) Once again the magnetic field round the inductance 
dies away, and the current continues to flow in a clockwise 
direction, until it charges up the condenser in the same 
manner as that in which it was originally charged. We have 

thus traced out one complete cycle of the oscillatory action, corresponding to a complete movement 
of the weight from position 1 back to position 1 in the mechanical analogy. 





Fig. 184. 



Fig. 185. 

denser at different points in the cycle. 


389. Relative Phases of Current and Voltage.— 
In the foregoing, nothing has been said about the ohmic 
and other losses, which are responsible in practice for a 
steady diminution in the energy stored in the circuit. 

If these are neglected for the moment, graphs can be 
drawn showing the relationship between the values of 
instantaneous current flowing and P.D. across the con- 


The moment “ R " in Fig. 186 corresponds with Fig. 181 (c). The condenser is fully charged 
and no current is flowing out of it. Between “ R ” and “ S ” the P.D. across the condenser is 
falling and the current round the circuit is rising, energy being present during 
this stage both in the electric and in the magnetic field. At moment “ S ” 
(see Fig. 182) the condenser is completely discharged, and the current has risen 
to its maximum value. Between “ S ” and “ T ” the condenser is becoming 
charged in the opposite direction, and the current into it gradually decreases 
because the increasing charge in the condenser sets up a stronger back E.M.F. 

Moment “ T ” corresponds to Fig. 183, moment “ U ’’ to Fig. 184, moment 
“ V " to Fig. 185, and so on. From an inspection of Fig. 186, we therefore 
see that in the oscillatory circuit, condenser voltage and current flowing are 
90° out of phase. This is only true if resistance is neglected, under which 
conditions, of course, the voltage and current curves will have the same 
•amplitudes during succeeding cycles as during the first. 

If resistance losses are taken into account the successive amplitudes of both the voltage and 
the current curves decrease in value, and the oscillatory action is said to be damped. The action 
will go on xmtU the energy left in the circuit is insufficient to maintain the ionisation of the spark 
gap. The complete series of cycles of current or voltage variation which occurs during the oscillatory 
discharge of a condenser is termed a “Train of Waves” or a “ Wave Train.” The correct 
representation of the voltage to which the condenser is charged during a wave train is given in 
Fig. 187, and a similar curve for the current flowing is given in Fig. IM. 
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It may be remarked that the current and voltage curves in this case are not exactly 90° out 
of phase with each other. 




Mathematical Treatment.—The complete theory of the wave forms of current and voltage in the 
oscillatory circuit, and the frequency at which the action occurs, can only be investigated by a mathematical 
treatment on the lines of that ^ready given in paragraphs 158 and 174, which deal respectively with the case of 
resistance amd inductance, and resistance aind capaicity, in the same circuit. 

As regards mathematical treatment, the circuit cam be taken ais consisting of L, C and R, the resistance R 
representing not only the ohmic losses in the leads and the conductive spaurk gap, but also energy radiated, etc. 
A detailed auxount of the vauious daunping losses is given later. 

We shaill deal with the caise alreawly considered in paragraph 388, in which the condenser is fully charged 
and the current zero at time f = 0. 


Let V be the voltage across the condenser when fully charged. 

Q be the chau-ge on the condenser at voltage V. 

V be the voltage aicross the condenser at time t, 
q be the chaurge on the condenser at time t 

i be the instantameous value of current at time i after the condenser begins to discharge 

Then we have the following relationships :— 

q^Cv. Q = CV. 

Also the current • is the rate at which the charge on the condenser is decreasing, so that 

V _ <^9 _ r ^ 

dt~ ^ dt ’ 

At time f, the voltage v is maintaining a current i through the resistance R and also overcoming the counter 
E.M.F. of the inductance L. 

The equation representing the relationship between voltage and current in the circuit is therefore 

v—L~«iRori;—L^ — tR==0. 


Now i 



At, 

so that T, 
»» 



dhf dv 


0 or 


^ R ^ , ii. 
d/* L* LC 


0 . 


A similar differentiad equation can be derived in terms of i or q, with the same coefficients ais in this owe. 
The solution of a differential equation of this nature is known to be of the form v = A^^*. If we aissume this 

answer, differentiate to find ^ amd and substitute in the differential equation, the latter becomes 

dt di^ 




^ + ii 


0 . 


R 1 

Equating X» + £ ^ + LC ** “ found that there are two roots of the equation, given by 

^“-£+ - irrespectively. 

There are therefore two independent solutions of the form amd the generad solution is obtadned by 
multiplying them respectively by different constamts, amd adding the results. 

Hence the complete solution of the differentiad equation is given by v = A^^i^ -I- 

Before discussi^ the significance of the arbitrary constamts, the vadues of and X| will be inspected. These 
values may be real and unequal, real and equad, or imaiginary amd unequad, auxording ais the quantity under the 

square root T— — j—Y is positive, zero or negative, t.e., according as R is greater than, equal to, or less than 

./L 
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The first two cases are examples of non-oscillatory, or undirectipnal discharge, in which the resistance is so 
great that ^e current, starting at zero, rises to a maximum and dies away again to zero without reversing its 
Erection ; in other wor(h, the resistance losses are so high that all the energy in the circuit is wasted in &ese 
before the first half cycle is completed. The current graph is similar to that in paragraph 174, where no inductance 

was present in the circuit. The other case, R <[ 2 t gives the case of oscillatory discharge, in which we are 
interested. ^ 


The two arbitrary constants, A and B, can be determined in any given case by considering the initial 
conditions at / 0. In our case these are— 


( 1 ) that i » 0 at f » 0 

(2) that t; « V 


Q 

^at^-O. 


The complete solution will not be worked out, but the result will be quoted. 

It is found that, with these initial conditions, the value v of the condenser voltage at any time / is given by 


v « Vs - 1 4 - cos (o)f — 4)), 


(A) 


where < 


R 


V--- 

V T r .IT a 


" and “o'^are recognised symbols for the quantities and V 77 ; — 7 ^. respectively. 

ZL» LfC 4L** 

dv 

The value i of current at time < is — C , and so by difierentiation of the expression for v above, 

V 

i = — fr— sin 
coL. 


(B), 


The last equation (B) represents an oscillatory current whose frequency is ^ and whose amplitude is 

and therefore decreases as the time increases ; in other words, the oscillations are damped. 

The equation (A) represents the instantaneous value of the voltage across the condenser. It is periodic, with 

/ - 

the same frequency as the current, and its amplitude V/'— 1 H—j also decreases with time. 


The frequency ^ at which the oscillatory action takes place is given (written in full) by /= 
2k 


= J JTZ 

2n ^ LC 


4L* 


and is known as the Natural Frequency of the circuit. This frequency, and various results arising from it, 
will be discussed in the next few paragraphs, and after that the question of damping. 


1 / 1 

391. Natural Frequency.—^This frequency '\/ Natural Fre¬ 
quency, must be carefully distinguished from the frequency /n '\/was found in 


Chapter V to be the resonant frequency of a circuit comprising inductance, capacity and resistance 
in series. 


The natural frequency is the frequency of free oscillations, the frequency at which the 
circuit will oscillate if left to do so; while the resonant frequency is the frequency at which an 
applied voltage will give the biggest current, i.e., at which forced oscillations have a maximum 
amplitude. 

The theoretical grounds from which these formula are derived are entirely different; but it so 


happens that they give practically 


the same result, and the simple formula / = 



generally used for the natural frequency. This is quite legitimate -as long as it is understood 
that it is a close approximation to the truth, and arises from different considerations from those 
dsiidt with under resonance. 
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If the resonant frequency is denoted by /a and the natural frequency by /n, the exact reUition- 
'>hip between them is given by 

(27t/s)*=(27t/a)*-a» 

and so the natural frequency is always smaller than the resonant frequency. 

Even if R is small enough to justify the approximations above, it must be remembered that in 

V 

a circuit at its resonant frequency, the current is where V is the applied voltage, and that the 

resistance, however small, is the only quantity limiting the size of the current under resonant 
conditions. 

R® 

In the usual wireless circuits, the resistance R is so small that the term is negligible com¬ 
pared with 1 ^; that is, R is very much less than 2 so the assumption that Natural 

Frequency (/n) = is justified. 

In this formula L is measured in henries, and C in farads. 

If L is in (iH, and C in {xF, the formula becomes 
10 * 10 » 

^ "" '^LC ^ 

Example 49. 

Find the correct natural frequency of free oscillations in a circuit in which C = ‘05 (iF, 
L = 2 (xH, and R is 1 ohm. Also find the approximation to the natural frequency, using the 
formula for resonant frequency, and the minimum value of R which would make the discharge 
of the condenser unidirectional. 


Natural frequency 
1 . 

9 -n- V 2 V .as 


J_ 

LC “ 4La 


_ 1 / IQi* 10» _ 10‘ / 1 _ 10« 

2tc A/ 2 X -05 4 X 4 2n 'y 16 2t: 

10* X 3-1524 Kni -mn i / 

= - - - = 501,700 cycles/sec. 

= 501-7kc/s. 

1 10 « 

Resonant frequency = 2nVLC ^ 2 tzV^I 
= 503,300 cycles/sec. 

= 503-3 kc/s. 

These results are very nearly equal. 

To make the discharge non-oscillatory, R must be at least equal to 2 
R = 2 = 2 \/-^ =-2^40 = 12-6 ohms. 




501,700 cycles/sec. 


V 

2n 


9-9375 


Vt- 

C 


so that with the resistance equal to 12-6 ohms or more the circuit would not oscillate freely. The 
term ** aperiodic ” is sometimes used to denote the type of discharge in this case. 
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392. Oscillation Constant. —The quantity LC is called the oscillation constant of the 
circuit. Provided this product remains the same, no matter what changes are made in the individual 
values of L and C, the resonant frequency and, to all intents and purposes, the natural frequency 
remain constant. 

393. Period. —If the circuit oscillates at the rate of / cycles per second, then one cycle will 
last for a period of \ If of a. second. 

Natural period =«= -^— = 2tzVT^ seconds, where L 

1 is in henries and 

2„VLC C in farads. 


Example 50. 

Find the natural period of the circuits given in Example 49. 

Period = —= 2*0 x lO"* seconds =* 2-0 micro-seconds. 
10 ® 


394. Wavelength.—So far we have only discussed high-frequency oscillatory currents in a 
circuit. If the circuit in which these currents are flowing is an efficient radiator (paragraph 408), 
energy is sent out in the form of electro-magnetic waves. The wave form, frequency and damping 
of the electro-magnetic wave are the same as those of the oscillatory current which produces it. 
It is a well-established fact that all electro-magnetic waves (light being a well-known example) 
travel at the same rate in empty space, which is very nearly equal to 3 x 10* metres per second. 
{See paragraph 13.) 

The relation between frequency/ and wavelength X has been given in Chapter I. 


If c is the speed of travel of a wave, 

c = XX/. .(C/. R5.) 

In the case of electro-magnetic radiation in free space, therefore, X (in metres) = 


3 X 10" 


3 X 10*-f = QtcVLC, X 10* metres, where L is in henries and C in farads. 


Tliese units are too large for wireless circuits; the formula in micro-henries and micro-farads 
is;— 

_ _ fX in metres.*) 

X = GOOtiVLC = 1,885VLC. L in (iH. }■ 

I^C in (aF. J 


Three methods may thus be used to describe a wireless wave :— 

(a) Its oscillation constant, or LC value. This is inconvenient for commercial Or 
inter-Service use, on accovmt of the various units used for capacity. 

(fi) Its .wavelength, as determined above. 

(c) Its frequency, in cycles per second, or in kilocycles per second, written kc/s. 
{See paragraph 15.) 

Method (c) is now the standard method of referring to wireless waves in the Service and in 
commercial {wractice; it is convenient for determing readily the allocation of waves for different 
uses so that they will not interfere with one another. Further, the frequency, unlike the wave¬ 
-length, is unaffected by the medium in which the wave is propagated. 





395. Inter-relationship of Formulae. —The formulte given in paragraphs 391 and 394 can 
be arranged in several ways:— 

(a) To find frequency from LC value :— 

/=-^ 

•' 2WLC 

(b) To find frequency from wavelength:— 

3 X 10» 

^ X 

(c) To find wavelength from LC value :— 

X = GOOtcVLC. 

(<i) To find wavelength from frequency :— 

3 X 10» 

- ^ 

(«) To find LC value from frequency:— 

(/) To find LC value from wavelength :— 

i-c=(6^y 

396. Damping, Persistency, Decrement. —It has been shown in the preceding paragraphs 
that the resistance in an oscillatory circuit, if small, has a negligible effect on the natural frequency 
of free oscillation, which may be considered to be determined by the values of inductance and 
capacity present in the circuit. 

We now proceed to investigate the meaning of the term which occurs in the expressions 

both for voltage across the condenser and for current flowing in the circuit, in the results given in 
paragraph 390. 

V 

If we write I for the expression for current becomes i — le~** sin caf. 

If this is drawn, with a horizontal axis representing time, the resultant graph is of the form 
shown below. 

Instead of being a sine curve, with constant amplitude, which would be represented by 
»' = I sin tat, the amplitude is seen to decrease continually, because of the term which becomes 
less and less with increase of time. Such a curve is known as a “ damped sine wave.” As t 
increases, the amplitude ultimately becomes very small, and theoretically, with t becoming infinite, 
the amplitude finally reaches zero, showing that the energy present in the circuit has b^n com¬ 
pletely wasted in resistance losses. The greater the damping losses, the more rapidly does the 
amplitude diminish. 

The amplitudes of the successive waves shown in Fig. 189 are the heights AB, CD, EF, etc. 

It will be proved that the ratio of consecutive 
maxima in the same direction is a constant, so that if 
CD is 80 per cent, or 0*8 of AB, then EF is 80 per cent, 
or 0*8 of CD, and so on. The amplitudes thus decrease 
in “geometrical progression." The curved line BDF 
drawn through the successive amplitudes in the same 
direction is a logarithmic curve. ITie constant ratio just 
referred to can be derived from the constants of the 
circuit as follows:— 

We shall define “ Persistency ” to be the ratio of 
one peak value to the peak value immediately preceding 
it in the same direction; and its reciprocal, ** Decre¬ 
ment,” to be the ratio of one peak value to that immediately succeeding it in the same direction. 



/ in kc/s. 

X in metres 
L in (xH. 

C in (xF. 
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The quantity * ^ paragraph 390) is called the Damping Factor. 

By differentiation of the expression for current, i = ler** sin caf, it is easy to show that the 
current first attains a maximum value after a time given by fj, such that tan co/j = ~ or 

The actual time ti is immaterial from the point of view of decrement; what is important i s 
that successive maxima in the same direction occur one complete period, two complete periods, 
etc., after 

1 271 


Now a period = • 7 -= 

fa 


Therefore decrement = 






and so on. 


4 . 


Each of these expressions equals e ** , which is independent of the place in the wave train 
where the ratio of one peak value to the succeeding one is taken. 

2ira 

The decrement is thus constant throughout the wave train, and is given by ^ 

7,9a 

The persistency is, of course, e * . 


397. Logarithmic Decrement.—Instead of using the persistency, or the decrement, to 
measure the rate at which the amplitude decreases, the Naperian Logarithm of the decrement is 
generally used. This is simply the logarithm of the decrement to the base e (not base 10), and is, 

from the formula above, equal to —. 


Note .—Numerically the Naperian Logarithm of a quantity is derived from the Common 
Logarithm (to the base 10) by multiplying the Common Log by 2-3026. 

The expression LogaritWic Decrement is generally referred to by the contraction “ Log. 
Dec.,” and written S (delta). 


2 Tca a 
Log. Dec. = — = 7 . 

/ 


a 


Now a 


= §, anda)= ^/ 


_5! 

4L*’ 


which, if R is small, is very nearly 


- _ 27ca tcR R ti /- r, / C 

Log. Dec. S == = TtRwC = tiR a / —. 

.r •L' 


.(C/. D40). 


a coL 2/L 

All these equivalent forms can be used to give the log. dec. of a circuit, according to the 
constants which are known. 

R, L and C are, of course, in ohms, henries and farads respectively. 


398. Number of Oscillations in a Wave-train.—^Although, in theory, the oscillations take 
an infinite time to reach zero value, they actually become of negligible size after a certain time. 

It is customary to consider that the wave train is effectively ended when the amplitude of 
current has fallen to 1 per cent, of its initial value. This is, of course, quite an arbitrary value to 
choose. 

Let the number of effective oscillations, on this assumption, be N. 

Let the amplitude of the N^ oscillation be written I^. 

Then I, = I, or rf**'-^**. 

* I» 




896^ 


Chapter VII. 


But we are taking^ to be equal to 100. 
An 


. •. 100 = or, log, 100 

. „ , log, 100 

. •. N — 1 = —, or N = 


(N-l)8 
log. 100 


The logarithm of 100 to the base e is 4*605. 

N = 1 + 


4*605 

8 


Thus, if the log. dec. of a circuit is 0*1, there will be 1 -f- 


4*605 

0*1 


= 1 + 46 = 47 oscillations. 


before the current amplitude is reduced to 1 per cent, of its initial value. 


399. Duration of a Wave**train.—^As we have now derived formulae for the period of free 
oscillation in an oscillatory circuit, and for the number of oscillations which may be considered 
effective, a practical example can be worked out to give the duration of a wave-train. 


Example 51. 

Let R = 1 ohm, C = *005 iiF, L = 4*5 jaH. 

Period = 27tVLC seconds (para. 393). 

- 2»V-005 X 4-5 ^ 2t^-'025 ^ 2. X 
10 * 10 « 10 * 

= *9425 micro-seconds. 

8 = TtR = ir X 1 X = *1047. 

Therefore the number of effective oscillations is 


1 4- 


4*605 

*1047 


1 4- 44 = 45. 


and the duration of the wave train is 

(45 X *9425) micro-seconds = 42-4 micro-seconds. 


400. Damping Losses in the Practical Circuit.—^The mathematiceil investigation in the 
paragraphs above has been concerned with the purely theoretical circuit containing resistance, 
inductance, and capacity, and the damping, or dying away of the oscillations, has been determined 
in terms of these quantities. The practical circuit we started with at the beginning of the chapter 
will now be considered, and the various losses, which can all be covered by the term damping losses, 
investigated in turn. It will be found that ohmic resistance is by no means the only way in Which 
energy is dissipated, but other forms of loss can be considered as adding a certain ^ount of equi¬ 
valent resistance to the circuit, so that the theoretical results hold good if the resistance term in 
them is replaced by a total equivalent, or effective, resistance. 

This subject will also be referred to in Section “ R." The damping losses may be classed under 
the follotiidng headings :— 

(a) Damping due to ohmic resistance. 

(b) Damping due to spark gap resistance. 

(c) Damping due to eddy currents induced in neighbouring conductors. 

(d) Damping due to condenser losses. ^ 

(«) Damping due to dielectric losses in surrounding dielectrics. 

(J) Damping due to energy radiated away. 
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401. Ohmic Resistance. —Since S = tcR 



the greater the ohmic resistance the mom 


quickly will the wave be damped out. It is necessary to take account of the increase in resistance 
produced in the conductors by “ skin effect ” at these high frequencies. 

As was explained in paragraph 380, in a cylindrical conductor a high frequency current tends 
to flow on the outer surface layers and there is practically no current in the centre of the conductor, 
whereas a direct current takes advantage of the whole cross sectional area of the conductor. 

Similarly, in a strip conductor, the current is concentrated on the surface and its density 
increases towards the two edges. 


In consequence, the resistance of any conductor to high frequency currents is much greater 
than its resistzmce to low frequency or direct currents. The variation of this effect with frequency, 
permeability, resistivity and area of cross section of the conductor has already been mentioned. 

As a numerical illustration, a copper rod, 0-59 inches in diameter, offers to currents of a 
frequency of a million cycles per second a resistance which is about 51 times its steady current 
resistance. 

Tables can be constructed to give the maximum size of conductor which can be used at different 
frequencies so that the H/F resistance varies by less than some definite amount (say, 1 per cent.) 
from the D.C. resistance. (C/. paragraph 380.) 

In all high frequency circuits it is of the utmost importance to provide conductors having the 
greatest possible area for the high frequency currents to flow on, if the damping of the circuit is not 
to be excessive. 


402. Spark Gap Resistance.—The resistance of the spark gap, once the latter is broken 
down and the oscillatory action is taking place, is still a fairly large one compared with the other 
resistances in the circuit, and so exercises a considerable effect on the damping. In addition, the 
theory is complicated by the fact that the resistance of the spark gap is not a constant quantity, 
but increases as the current decreases. The effect of this is to cause the decreases in successive 
amplitudes to be constant, instead of being in geometrical progression, so that if the spark gap 
resistance is the preponderating factor in the total resistance of an oscillatory circuit, the line 
joining the peak values in the resulting wave-train will be straight, instead of curved as in Fig. 189, 
and the wave-train will have a definite ending in a finite time. 

403. Eddy Current Losses.—There will be currents induced in neighbouring circuits by 
mutual induction, and these cause a loss of energy from the circuit and hence an increased damping. 
The practiced case of an oscillatory aerial circuit will be further considered in Section “ R.” 

404. Condenser Losses and Losses in Neighbouring Dielectric^.—^The various losses 
in a condenser have been already considered in the section on condensers, and it has also been 
shown that, whatever the causes of loss of energy, a condenser may be looked upon as a perfect 
condenser with a resistance in series with-it (paragraphs 176 and 310). Application of this theory 
to an aerial circuit will be made in Section “ R." 


405. Energy Radiated.—In an oscillatory circuit such as we have been considering, a certain 
amoimt of energy is radiated away into the surrounding aether, in the form of electro-magnetic 
waves, which affect receiving apparatus at a distance. This also is a damping loss, but one that, 
with certain limitations, we want to be as great as possible. 

The amount of energy radiated in this way is dependent upon the design of the circuit, and the 
subject will be considered further in the next few paragraphs which deal with the difference between 
closed and open oscillators. 

These radiation losses can also be represented by an equivalent series resistance in the circuit, 
this resistance is known as the Radiation Resistance of the oscillatory circuit; 
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406. Effective Resistance of an Oscillatory Circuit. —^All these damping losses result in 
energy being taken from the oscillatory circuit, and so can be represented by an equivalent total 
resistance included in the circuit, such that the energy lost in this equivalent resistance in I*R 
losses would be equal to the total damping losses. Thi§ equivalent total resistance is known as 
the effective resistance of the oscillatory circuit. If the effective resistance of the circuit is R 
ohms, the formulae already found can be used to give the natural frequency of oscillation, the 
logarithmic decrement, the number of cycles in a wave-train, etc. 

For example, we saw in paragraph 399 that, if the log. dec. of a circuit is O’ 1, the wave will be 
reduced to less than 1 per cent, of its initial amplitude after 45 cycles. 

If the inductance is 100 pH and the capacity is *001 pF, then this damping could have been 
caused by an effective resistance of R' ohms, determined as follows :— 

Therefore R' = ^ ohms. 

In this case the effective high frequency resistance of the circuit would be said to be 10 ohms. 
The ohmic resistance present in the circuit might be considerably less. 


407. The Closed Oscillator.—^The oscillatory circuit so far described is known as a “ closed 
osciUator.” The inductance and the capacity used have both been assumed to be artificial and 
compact in size. The condenser is of large dapacity value, so that it is not necessary to charge it 
up to an excessive voltage V to isolate in it a given quantity of energy (^CV*). The inductance 
is of the value of only a few micro-henries and is designed to hive as small a resistance as possible 
to the high frequency currents passing through it. 

With such a circuit two fields, one electric, and one magnetic, are set up. Both these fields are 
of an oscillatory nature, passing through cycles of positive and negative values, and are practically 
90® out of phase with one another. 

The Magnetic Field surrounds the wires and, more particularly, passes through the turns of 
the inductance. There is also a magnetic field between the plates of the condenser, due to the 
alternating displacement current in the dielectric. Theoretically, the magnetic field extends to an 
infini te distance ; practically, however, it falls off to a very small value at a distance of a few feet 
from the oscillator. The Electric Field is established between the plates of the condenser. 
Theoretically, again, this field extends to an infinite distance; but, practically, if the plates are 
close together, it falls to a negligible value at a distance of a few inches from the edges of the 
plates. 

It thus follows that the only space near the closed oscillator which is called upon to bear both 
a magnetic and an electric field, is the space between the plates of the condenser, and, as will be 
seen in the next paragraph, this produces inefficiency in the radiation of electro-magnetic energy. 


408. The Open Oscillator.—Let us gradually separate the plates of the condenser. Then 
as the plates separate, a greater volume of the space near the oscillatory circuit is carrying both the 

fields. It can-be shown mathematically that a varying magnetic 
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field and a varying electric field at right angles to each other in 
the same space give rise to an electro-magnetic wave which is 
travelling at right angles to both; this electro-magnetic wave 
represents energy detached from the circuit, and it moves away 
from the source of its propagation with a velocity of 3x10* metres 
per second. The electro-magnetic wave itself consists, of alter¬ 
nating electric and magnetic fields, which remain at right angles 
to each other in space, but are in time phase. Equal amounts 
of energy are stored in the electric and the magnetic components 
of the electro-magnetic wave. We can now bring together the 
ideas of inducticm and radiation and state that the total electric 


and magnetic fields with an open osciUator can be split up into two sets of comp<ments:— 
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(a) Inductive. —^The component electric and magnetic fields are in space quadrature (at right 
angles to each other) and in time quadrature (90® out of’phase with each other) and the effect is 
simply to cause a transference of energy from one to the other in the neighbourhood of the circuit 
without any energy being detached. The inductive field at any point varies inversely as the square 
of the distance from the oscillator to the point. 

(b) Radiative.—^The electric and magnetic fields of radiation are in space quadrature and time 
phase, and therefore represent a motion of energy at right angles to both in space. This radiated 
energy is, of course, eqioivalent to the energy which would be dissipated in the fictitious equivalent 
radiation resistance. The greater the space occupied by both fields the more energy is radiated. 
A circuit specially designed to give good radiation, like the circuit of this paragraph, in which the 
condenser plates are widely separated, is known as an open oscillator. The stronger the total 
electric and magnetic fields the greater the energy radiated, hence high voltages and large currents 
are necessary to give good radiation. The radiation field varies inversely as the first power of the 
distance from the oscillator. It thus decreases much more slowly with increasing distance than the 
induction field, and, at the distances over which wireless communication is practised, only the 
radiation field is effective. Its magnitude is also directly proportional to the frequency, hence the 
use of radio-frequencies in wireless telegraphy. 

A fuller account of wireless radiation is given in Section “ R ” (1). 

409. The Aerial Circuit.—^The first type of open oscillator consisted of two metal plates 
joined by a wire, the inductance being in the wire and the capacity that between the plates. 

It was found later that the earth could 
be used as one of the plates of the condenser, 
and the higher the other plate the more 
efficiently did the oscillator radiate. The 
spark gap was in series with the circuit. 

The normal transmitting antenna is of 
this type, though the use of the spark gap 
in the aerial circuit itself is now prohibited. 
In the well-known “ Roof ” type of aerial, 
as fitted in ships and ashore, the overhead 
wires form one plate of the condenser, and 
the earth itself forms the other plate. The 
dielectric consists of the intervening layer 
of air. 

An aerial is conventionally represented as in Fig. 191 (6). 

410. Natural Capacity of an Aerial.—The higher we make the overhead, or “ roof ” part 
of an aerial, the better it radiates energy. 

Since tlie capacity of a condenser varies inversely with the thickness of the dielectric—in this 
case the distance between the aerial and earth—the capacity of the aerial will be small. 

Again, the capacity varies directly as the area of dielectric charged, that is, of the opposed 
plates. 

The earth is big, but the overhead portion of an aerial is very limited, especially in a ship. 
Consequently, this factor also goes to keep the condenser capacity small. In fact, ^e capacity 
of the aerial feeder wire to the trunk along which it is led from the transmitter and which is in 
parallel with the aerial capacity proper, forms an appreciable part of the total capacity. 

We therefore expect the capacity of a ship aerial to be small, and in practice it varies from 
about •0003 |iF in a submarine to about *002 [jiF in a big ship. (Shore station aerials may have 
larger capacities than these.) 

The natimal capacity of an aerial is denoted in the Service by the letter “ o ” (si|^a) to dis- 
tinguish it from other capacities. {Cf. “ R.” 23.) 



\/ 

in 


Ship Aerial. 
Fig. 191. 
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411. Natural Inductance of an Aerial. —^An aerial will likewise have a certain natural 
inductance, made up of the inductance of the wires composing the “ roof,” and of the “ feeders ” 
(or wires from the W/T Office to the roof). 

As these wires are in parallel with one another, their total 
inductance will not be very great and generally lies between 
10 and 70 (iH for ship aerials. 

412. Primary and Aeriai Circuits. —^The oscillation is 
generated in a closed circuit, generally termed the primary 
circuit. To give efficient radiation, we must transfer the oscilla* 
tion to an open oscillator, in practice the aerial circuit. 

The theory of the interaction of coupled circuits, when one 
of the circuits is set freely oscillating, will be given in para¬ 
graph 421. 

The type of coupling employed is either mutual or direct 
as illustrated in Fig. 192 (a) and (b). The direct coupling in this 
case is auto-inductive. 

413. Mutual Coupling (Fig. 192 («)).—Here a coil of wire 
(known as the “ Mutual Coil ”) in series with the aerial, is placed 

close to the primary inductance. 

As the lines of magnetic flux rise and fall round the primary inductance, they also cut the 
mutual coil and induce an oscillatory E.M.F. across it, which will tend to set up an oscillatory 
current in the aerial. 

414. Direct Coupling (Fig. 192 (6)).—Here a small portion of inductance is common to 
both circuits, with the same result—that an oscillatory E.M.F. is produced across a portion of the 
aerial circuit by the oscillatory discharge of the primary condenser. It should be noted that the 
circuit is that of the auto-transformer. 

415. Tuning of Primary and Aeriai Circuits.— We have already seen that the primary 
circuit has a certain natural frequency of its own, depending on its capacity and inductance 
Similarly, the aerial circuit will have a certain natural frequency of its own at which it will oscillate. 

This natural frequency will be equal to- , where LC is the natural inductance of the 

27cVLC 

aerial, L^, multiplied by its natural capacity, er. 

Note .—^The frequency whose LC value is the same as the L„ a value of the aerial is termed the 
“ Fundamental Frequency.” 

To radiate a wave of given frequency and, therefore, known LC value, we must first adjust the 
LC value of the primary oscillatory circuit to the correct value; the next step is to adjust the LC 
value of the aeri^ circuit to the same value. If the LC value required is different from that corre¬ 
sponding to the fundamental frequency of the aerial circuit, the LC value of the aerial circuit must 
increased or decreased. 

In practice, the LC value of an aerial is generally increased by adding inductance in series, 
and decreased by adding capacity in series, as in Fig. 192 (a). 

416. Increasing the Wave Frequency.—^To increase the frequency of the aerial circuit, the 

LC value must be decreased. The inductance which is always in the circuit is the natural inductance 
of the aeriai itself (L,^) of the mutual coil. The total inductance could only be decreased 

by adding inductance in parallel, and it is easier to decrease the capacity, which is dcme by adding 
capacity in series. A co^enser C. {see Fig. 192 (a)) is therefore placed in the aerial circuit; if not 
required, it is short-circuited by the switch shown. 
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Example 52. 

An aerial circuit has the following constants:— 

= 30 (xH, = 10 (iH, a = *001 (xF. 

It is required to tune the circuit to a frequency of 1,200 kc/s. The LC value corresponding to the 
frequency given is (paragraph 395), 


LC = 


10 » \« 

2k// 


( io» Y / 5 Y 

Uic X 1,200/ “ Vl27r/ 


25 

~ 144 X 9-8696 ~ 


•0176 (xH X (xF. 


= (40 X -001) = -04 (xH X (xF, which is too large. 

The capacity must, therefore, be reduced by adding a condenser in series with a. 

As a ^e, the aerial condenser is not adjustable. The total capacity value is, at most, 

•0176 _ 

~ 40 “ = -00044 (xF. 

Let us try a condenser -0005 (xF in series. The resultant capacity of this, in series with the 
aerial capacity, is given by :— 

q X C. -001 X -0005 „ 

^ ~ <T + C. ~ -0015 “ 

The total capacity has thus been reduced a little too much, and some inductance must be added 
to get exactly in tune. 

The coil marked “ Aerial Coil ” in Fig. 192 can be used for adding inductance in series. It is 
also known as the “ Aerial Timing Inductance.” 

LC *0176 

With a capacity of -00033 piF, the total inductance required is ^ ~Tooo33 ~ 

There is already 40 (xH in the circuit. Therefore, by adding 13-3 jxH on the aerial coil, the 
aerial is finally tuned exactly to 1,200 kc/s. 


417. Decreasing the Wave Frequency.—In this case the LC value must be increased, and 
the inductance is therefore increased by adding inductance in the aerial coil. 

Example 53. 

With the same circuit constants as before (Example 52), it is required to tune the aerial to a 
frequency of 300 kc/s. 

LC value = ( 2 TC x 300/ (v “ 9 x 9-8696 "" ^ 

LC *2814 

Total inductance required = — =-- ^j =281-4 [xH. 

Inductance already in circuit = 40 |xH. 

Therefore, the inductance required in the aerial-coil is 281 — 40 = 241 (xH, to tune the circuit 
exactly to 300 kc/s. 

To sum up. —In order to transmit a wave of a given frequency, we must first adjust the 
primary circuit to the LC value which gives this frequency, and then time the aerial circuit to 
the same Lt value as that to which the primary is tuned. The actual method of making this 
tuning adjustment is given in Section “ W." {Cf. ” R.” 20 and " D.” 41.) 

418. Thte Plain Aerial System.—^As already mentioned, the coupled circuit system was 
not used when wireless telegraphy by the spark system was first developed. The spark gap was 
joined directly in series with the aerial, with the source of high voltage supply across it, as shown 
in Fi^. 193. 
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Plain Aerial. 
Fig. 193. 


The capacity intermittently charged up to discharging voltage was 
thus the capacity of the aerial itself. 

The result of this arrangement was a very heavily damped wave, 
because of the high resistance of the spark gap. The wave-train was of 
the nature shown in Fig. 194, i.e., one which started with a big initial 
voltage, but which was damped out very quickly after only a few 
oscillations. 

A wave of this nature was very objectionable, because it interfered 
considerably with all receiving aerials in the neighbourhood, whether 
tuned to it or not and—as will be understood after reading Section 
“ D ”—made selective working in a fleet impossible. 

A second objection to the system is that, since the charging mains 
are directly connected to the aerial, a very bad shock would be taken 
from the latter by anyone touching it, and further, unless the insula¬ 
tion of the aerial is go^, no spark can be obtained. 


This system has long been prohibited by International Convention because of the unavoidable 
interference associated with it. (C/. “A." 1). The coupled circuit system has replaced it. In 

this system, the decrement is less, because the spark gap 
resistance is not present in the aerial circuit. The frequency 
transmitted is, however, dependent on the coupling factor 
between the two circuits, and we shall proceed in paragraph 
421 to consider the physical and mathematical treatment 
of free oscillations in coupled circuits. 

419. Tight and Loose Coupling.—It was stated in 
paragraph 413 that the oscillation set up in the primary 
circuit is transferred to the aerial circuit by mutual induction 
between the primary and mutual coils. 

Since our object is to induce the maximum energy 
possible into the aerial, it might appear at first sight that 
the closer the mutual coil is to the primary the better. 

This is not the case, for the following reasons:— 
Consider the oscillation in the primary circuit; each 
time the magnetic field rises and falls round the primary 
inductance a'certain amount of energy is transferred to the 
aerial via the mutual coil, until eventually all the energy originally available in the primary circuit 
has been transferred to the aerial circuit. 




Tight Coupling. 
Fig. 195. 


Similarly, when the aerial circuit is oscillating, 
it will gradually transfer its energy back to the 
primary, until eventuaUy all the energy has been 
handed back to the primary circuit, ignoring I*R 
losses and the amount radiated. 

This transfer and re-transfer of energy between 
primary and aerial continues until all the energy 
originally available has been expended in over¬ 
coming the various losses in the two circuits. 

Every time the primary is set in oscillation, a 
great deal of energy will be expended .in damping 
losses in the spark gap, while in the aerial the chief 
expenditure of energy is by radiation; the latter 
expenditure is very desirable, but the former is not. 

If the mutual coil is placed close up to the primary, 
the energy is transferred very rapidly badrwards and 
forwards as in Fig. 195. 
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TWs is known as “ Tight Coupling.” The effect will be as follows:— 

It will be seen from the above that the oscillations in both primary and aerial die away and rise 
again several times in a series of “ beats " before the wave train is entirely damped out. 

Each time the oscillations are transfer- 


oscillations 
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red to the primary, the damping effect of the 
spark gap is experienced, with consequent 
loss of energy, which might otherwise have 
been available for radiation into space. 

If the mutual coil be moved further 
away from the primary, the energy will be 
transferred more slowly between the two 
circuits, as in Fig. 196. The primary circuit 
is not set in oscUlation so often before the 
. V\/\/\/\/\/Wy\/\/VVW' — wavetrainfinaUydiesaway and the primary 
' damping losses are decreased. This is 

known as “ Loose Coupling.” 

The advantages of loose coupling in 
lessening interference are discussed below. 
All damped wave transmission, however, is liable to cause “ shock” excitation of receiving aerials 
whether tuned to it or not, and so to produce interference. 



Loose Coupling. 
Fig. 196. 


420. Brushing or “ Corona Discharge.”—If the aerial voltage is excessive the insulation 
of the air between the aerial and neighbouring earthed conductors breaks down, and a violet-blue 
discharge occurs. This represents a waste of energy, and also discloses the position of the ship at 

night. High aerial voltages are-produced in sharply tuned circuits, i.e., circuits with a large ^ 

ratio. On the other hand, if the ^ ratio is decreased so as to flatten the tuning, the band of fre¬ 
quencies on which energy is radiated is widened and the possibility of interference is again increased. 
(C/. “ R.” 23.) 


421. Radiation of Two Wave-Frequencies.—The question of the resonant frequencies of 
two coupled circuits with forced oscillations due to a somce of alternating E.M.F. in one has already 
been considered in Chapter V. 

It is proposed to investigate here the other tj^e of oscillations, viz., free oscillations (see 
paragraph 333). Free oscillations occur when one circuit is set oscillating, as in the case of the 
primary circuit of a spark transmitter, the ener^ being transferred and re-transferred by means of 
the coupling from one circuit to another until it is all consumed in damping losses. There is no 

continuously applied source of E.M.F. in either circuit. 

It will be found that, although both circuits have the same 
LC value and therefore equal natural frequencies, there are two 
g frequencies of free oscillation of the combination, both difiering 
from the natural frequency of the independent circuits. 

Let the two circuits be L^Ci and L,Cj as in the figure, where 
LjCj = L|C| = L^Cq. 

Let the mutual inductance be M. 

The resistances of the circuits will be neglected. 

When the two circuits are both in oscillation and interacting one on the other, there will be 
currents flowing in both. Let these be ij and i,. 

Let D = 27t X natural frequency F of the individual circuits. 

Let « = 27t X frequency/ of free oscillations when coupled. 





•-t i-i 

Fig. 197. 


Then a* 


_i_ = -J_= JL 

L|C« LjCj L|Ct 
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At any instant the voltage induced in the second circuit due to the current in the first is (oMij. 
This leads to the equation :— 

ci>Mi\ = ~ similarly, wM*, = ^wLi ~ *i' 

<oMt, being the voltage induced in the first circuit from the changing current in the second. 
Multiplying together these two equations, we obtain 




or 

<oCi) <.C„ 




1 - 

• ■ L.L, \ 


,-e:=±K , 

•. 1±K 

<1)2 

••• “ ~ r±K^’'“"Vi±K- 


<o*LaCj 


^ = co^LjLa ^1 


_Qa\a 

(^) 


There are thus two values for w, one greater and one less than Q, 


Since Q = 27i:F and <■) = 2 tc/, 

_ F 

vr±K’ 

Thus the frequency of oscillation of the two coupled circuits has two values, which may be 
written and /,, 

F F 

vm ^ V 1 -k‘ 

It will be noticed that these two frequencies are exactly the same as the two frequencies of 
resonance obtained in paragraph 335 for forced oscillations in coupled circuits. This result holds 
generally, provided the resistances of the circuits are small, so that any complex arrangement of 
circuits wiU oscillate freely at the same frequencies as those for which the reactance is zero when an 
alternating E.M.F. is introduced somewhere in the arrangement. 

In the practical case of a spark primary and aerial circuit, the two frequencies of free oscillation, 
and consequently of radiation, will correspond to two different wave len^hs, Xj and Xj, which will 
be sent out by the transmitter. _ _ 

Since wavelength is inversely proportional to frequency, Xj = xV 1 + K, and Xj = X\/l — K, 
where X is the wavelength corresponding to the natural frequency of each circuit separately. Also, 
since F is the frequency whose LC value is LoC,, the frequenciesand/, are those which correspond 
to L,Co (1 + K) and LoC„ (1 - K). 

Each of the circuits has therefore apparently two LC values, neither of which is equal to their 
individual LC value, LqCo. 

The difference between the wave frequencies radiated by the aerial depends on the degree of 
coupling K between the two circuits. 


Example 54. 

In a spark transmitting circuit tuned to 500 kc/s., the primary condenser is *04 (xF, the aerial 
capacity is -0015 (xF, and the mutual inductance between primary and aerial circuits is 2 jiH. Find 
the two wave frequencies radiated, and the percentage coupling. 
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The LC value of each circuit will be 

/ 10 * \* _ I 10 * 


\ w 

Lj = 


2tc X 500 


y -lOlStiH X |iF. 


1013 


K 


.Q4 —2’53n,H; L* — 
M 2 


•1013 


; = 67-5|jlH. 


•0015 
= 0*15. 


V^r, "" V2'53 X 67-5 
500 500 500 

~ Vr+K "■ VnT5 ~ 1 -074 "" 

500 500 500 

~ Vr^K ~ VO^ “ -920 "" 

The percentage coupling = K x 100 = 15 per cent. 


422. We seem here to have two conflicting statements. It was stated in paragraph 419 that 
the energy in the aerial is in the form of beats, as shown in Figs. 195 and 196, and in paragraph 421 
that two waves, differing in frequency, are set up in the aerial. 

The truth of both these statements can be reconciled by drawing these two waves occurring 
simultaneously. In Fig. 198, curve A shows /",, the higher frequency set up in the aerial, and curve B 
shows fi, the lower frequency. 

As these frequencies are different, it follows that if they start in step they will work out of 
step, then in step, then out of step and so on, just as two men walking side by side and taking a 
different length of stride, get in and out of step in turn. When the two waves are in step, it means 
that the currents due to the two waves are flowing in the same direction, and when out of step, in 
opposite directions. 

The total current at any moment can be found by adding the heights of these curves together, 
at each moment. The result is shown in curve C, which corresponds to the lower curve of Fig. 195 
or 196. 

From this we see that the current in the aerial rises and falls in a series of beats, being a 
maximum when the waves are exactly in phase, and a minimum when the two waves are exactly 
out of phase. Similarly, the instantaneous voltage in the aerial can be found by drawing two 
voltage curves for the two frequencies and adding them together. 

Hence, the total voltage and current in the aerial rises and falls in a series of beats, and these 
beats are due to the two waves oscillating simultaneously at the two different frequencies, /j 
and /j. 
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The number of times p« second at which the separate waves get into step is equal to the 
difEerence of the two frequencies, and /,. 


If K is small,/, -/, = F ((1 - K)"* — (1 + K)-*) = F |l + ' + |} = 


approximately. {Cf. “ F.” 19.) 



Frtquency **• Kilocycles jsec. 
Fio. 199. 


Therefore, the beat frequency, or the number of times 
per second at which the energy is transferred baclwards 
and forwards from one circuit to another, is directly 
proportional to the coupling factor K, and the natur^ 
frequency F of the circmts taken individually. 

This renders plausible the statement made in para¬ 
graph 419 with regard to tight and loose coupling. For 
tight coupling, higher powers of K would need to be 
considered in the above argument, and the approximation 
(K small compared with imity) is hardly justified. 

423. Drawback of Radiating Two Waves.—In 
designing W/T circuits we have two objects always before 
us:— 

(a) To radiate as much energy as is required on 
the wave we wish to transmit. 


(J) To radiate as little energy as possible on any other wave. 

If this second object is fulfilled, then communication from a fleet to a number of shore stations 
or outlying ships is possible with a minimum amount of interference. 

For example, the ideal condition is illustrated in Fig. 199. 

This curve, known as an “Energy Distribution Curve," represents energy radiated by a 
transmitter at different frequencies. It corresponds to the case of the spark transmitter with 
very loose coupling, in which case the two component frequencies of the complex oscillation 
/, and /„ are very close together, and their joint effect is to give a maximum of radiation at the 

natural frequency of the individual circuits. The curve 
can be also looked upon (and in practice can be plotted 
accordingly) as a graph of the energy received by a receiv¬ 
ing circuit when adjusted to different frequencies. In Fig. 
199, the transmitting ship, tuned to 500 kc/s., radiates a 
xnaximum of energy on this wave, but practically none on 
450 and 550 kc/s., and therefore does not interfere with 
other ships trying to communicate on these waves. 

If, however, the coupling is tight, the current in the 
aerial circuit is made up of two component frequencies 
which differ considerably, and the energy distribution 
curve in this case will have two distinct maxima at these 
Frequency in Kilocycles jsec. different frequencies, giving a curve as in Fig. 200. 

This means t^t the total energy available v divided, 
and also that interference with other lines of conununication is caused. 

For example, if the correct wave is 500 kc/s., and if, owing to the tightness of coupling, we 
radiate two waves, one 460 kc/s. and the other 540 kc/s. (a result which would be givra approxi¬ 
mately by a coupling of 15 per cent.), then we shall get an energy distribution curve as in Fig. 200, 
which gives bad interference on these wave frequencies. The tighter the coupling the fisher apart 
are the peaks in the Energy Distribution Curve, and the less is the energy actuaUy radiated on the 
wave to which the circuits are tuned. It is found in practice that it is only for coupling of, say, 
5 per cent, or less, that the separate maxima merge into one and give a curve such as in Fig. 199. 
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In Section “ A," details will be given of a method by which the interaction between the circuits 
is stopped soon after the oscillatory action starts, so that the aerial circuit continues to oscillate 
after that at one frequency only, its natural frequency. 

424. Factors affecting Coupling.—For the t 3 q)e of coupling normally employed, viz., mutual 
coupling, the results of paragraph 337 can be applied to give methods of varying the amount of 
coupling, or the coupling factor K. K depends on two factors :— 

(a) How close the mutual coil is to the primary coil. 

(b) How many turns of mutual coil are used. 

If the mutual coil is pushed closer to the primary coil, or if the inductance in the mutual coil is 
increased and that in the aerial coil decreased to maintain the same total value in the aerial circuit, 
the mutual inductance M between the primary and the mutual is increased, and K, which is equal to 

^ 7 = , is increased. 

VLiLj _ 

From the expression VLiL„ which depends on the total inductance used in the primary and 
aerial circuits, we learn that, with a given primary and aerial capacity, the higher the wave 
frequency, the less must and Lj be, and hence, for a given adjustment of the mutual coil, K 
is increased. 

Also, if two ships, one with an aerial of large capacity and one with an aerial of small capacity, 
are both transmitting on the same wave and using the same value of M, then the one with the larger 
aerial capacity will have the tighter coupling, for she will have the lesser total inductance L, in 
the aerial circuit to tune to that wave. 


Example 55. 

Two ships—“ A ” and “ B "—both have their primary and aerial circuits tuned to the same 
LC value, =0-5 pH x pF. Each has a primary condenser of -05 pF and a mutual inductance 
between primary and aerial circuits of 10 pH. The aerial capacity of “ A ” is *002 pF, and that 
of “ B ” is '0012 pF. Find the percentage coupling in each case. 

•05 0-5 _ 


In each case Li = 

Ship A. 

L. = -^= 250 |JJ. 


= '0^. 


L* — ,( 


“ -002 
M 

Vl^l/ 

Ship B. 
0-5 


10 

VlO X 250 


= ^ = 0*2 = 20 per cent, coupling. 


= 416-6 pH. 


VlO X 416'6 


0 -155 = 15-5 per cent, coupling. 


425. To sum up, we may say that:— 

(a) Tight coupling results in a wave that starts with a big initial amplitude, because the 
energy is transferred to the aerial so quickly that very little energy is lost by the 
time the energy is all concentrated in the aerial for the first time. On the other 
hand, with loose coupling the energy transference is so slow that by the time the 
whole energy is in the secondary it will be considerably decreased in value by damp¬ 
ing losses. 

Tight coupling therefore gives a shock effect on neighbouring aerials and a 
danger of brusliing. 
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{b) Tight coupling results in the energy being transferred more frequently to the primary 
circuit, with high losses each time due to the high resistance of the spark gap. With 
loose coupling, the primary is not set into oscillation so often. 

(c) With tight coupling a double frequency effect is produced, resulting in the radiation 
being most effective on wave frequencies widely differing from the frequency to 
which the aerial is tuned. 

With looser coupling the double frequency effect becomes less and less marked until, with very 
loose coupling, the energy distribution curve may be said to have a single peak at the frequency to 
which the aerial is timed. Interference will be considerably reduced. 

Loose coupling is preferable therefore, but the coupling must not be too loose, or the energy will 
be mostly dissipated in the primary and not reach the aerial at all. 

By using a special type of spark gap {see Section “ A ”), the double frequency effect may be 
almost entirely avoided and tighter coupling used. 


426. Oscillatory Circuit Excited by Continuous and Alternating Voltages. —During 
the preceding part of this chapter we have been considering free oscillations set up by charging 
the condenser in an oscillatory circuit and allowing it to discharge, and have applied the theoretical 
results to the practical spark transmitter. 


Two other cases may be considered in which free oscillations occur: - 


( 1 ) 


When a circuit containing L, C and R in series is connected to a source of continuous 


voltage, and R<2 



In this case, we shall see that in course of time the voltage across the condenser 
will be the same as the voltage of supply, but that there will be an oscillatory 
action at the natural frequency of the circuit taking place during the transient 
period before the final state is reached. 

(2) When a circuit containing L, C and R in series is connected to a source of alternating 
voltage. In this case, we shall see that the final conditions are those of Chapter V, 
a forced oscillation at the applied frequency, but that during the period of transience, 
there will be free oscillations at the natural frequency of the circuit superimposed on 
the forced oscillations. 


^^427. Continuous Voltage.—In this case the equation representing voltage relations in the circuit is only 
slightly different from the equation of paragraph 390. Instead of being t; ~ L ^ — iR 5 = 0, it becomes 

E — L ^ — tR = v, where E is the applied voltage, i is the instantaneous current flowing to charge up the 


condenser, and v is the counter E.M.F. of the condenser. 

The switch in Fig. 201 is closed at the start of the action. 



i = 


di ' 

so that the equation becomes 


and^’ 
dt’ dt 




— DC. SUPPLY. 






R ^ 
Ld4 


JL 

LC 


E 

LC* 


This equation, apart from the constant term on the right, is the same as 
the diflerential equation of paragraph 890, and will ^ve, therefore, the 
same type of solution. In particulsu, the same three cases arise as in paragraph 
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390, of i^hich we need only consider one, that for which R is less than 2 which therefore gives oscil¬ 
latory action. The conditions in this case which determine the arbitrary constants are that:_ 

(1) at ^ = 0 , i; = 0 . 

(2) at < = 0 , t = 0 , and therefore ^ = o. 

dt 

The following, if R is small, is the approximate solution of the equation :_ 

t; = E (1 — cos co/), 

R 1 ^ 

CO s= approximately, as before. 


where oc = ^ a 


This equation shows that the voltage across the condenser varies at the frequency which is the natural 
frequency of the circuit, the amplitude of the variation about its hnal steady value E decreasing with increase 


R 

2L* 


( cos 6>/ -f — sin tit 
\ ^ 


)} 


of time at a rate depending on the damping factor 

The maximum voltage across the condenser (when c*>/ = tc) is very nearly double the supply voltage if the 
damping is small. 

The full solution of the equation is 

V =E^1 -r .“ 

. ^ 

coL ' 

The current in the circuit is therefore also oscillatory and decreases ultimately to zero due to damping 
losses. The form of the expression is the same as thati n paragraph 390. 

Fig. 202 illustrates the varying voltage across the condenser in the case taken. The non-oscillatory case 
is similar to paragraph 174. 

^^428. Alternating Voltage.—In this case the equation 
becomes 

d\ 

E sm CO / = V -f L — + tR. 

at 



Fig. 202. 


The frequency of the applied E.M.F. ^ taken to be 
different from the natural, or resonant, frequency (which are 
practically equal) of the circuit shall 

derive the differential equation in a form which can be solved 
directly for current i. 

Differentiating the equation above as it stands :— 

dH di dv 

V L5^+R5-^-f-=«'Ecos«'/. 

q ^ dv \ dq i 
Now./ = Cdi C- 

^ ^ S + C “ ^ 

The left-hand side of the equation is again of the same form as in the 
two preceding cases, and will give the same type of solution—in other 
words, there will be a free oscillation at the natural frequency of the circuit. 



if R is less than 2 




The particular solution obtained from the right-hand side of the equation represents the forced oscillation. 
The full solution of the equation is quoted only, and is :— 

i = I' sin (cd'f — <1>) -f sin (to/ — 0), 
where _E_ 

co'L 


tan 6 = 


1 

ca'C, 


a •• and <o 
2L 


x/± ~ 

^ LC ~ 4L* • 
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The first term in the equation lor i represents the forced oscillation, at the frequency of the applied E.M.F., 
and the second term represents the free oscillation, at the natural frequency of the circuit, which dies away at a 

rate determined by the damping factor ^. 

The initial current wave form is therefore a complicated one, composed of the two wave forms given. 

With the initial conditions that— 

(1) at / = o, i = 0 . 

(2) at / = o, t; = 0 . 

and an impressed resonant frequency, i.e., such that (<»>')■ = "lq"* ^ simple solution can be obtained if the damping 

of the circuit is small. This last condition means, of course, that R may be neglected in the expression for co, 
making 

In this case the solution reduces to the form 


- . / 

f = - sin ( 1 — SL ). 

By integrating, v = voltage across condenser 

E f R "I 

” o>CR\ 2toL " (1 ~ « it j cos oj/ 

After the free oscillation dies away, only the forced oscillation, at the frequency of the applied E.M.F., 
remains, and the oscillatory action in the circuit may be said to settle down to its “ steady state " in accordance 
with the theory of Chapter V. 

We have now investigated the theory of free oscillations in an R, L, C circuit with no applied voltage, a 
constant applied voltage, and an alternating applied voltage, and in each case the free oscillatory action takes 
place at the jaatural frequency of the circuit, and lasts for a time determined by the damping losses, provided that 
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THREE-PHASE AND POLYPHASE A.C. SYSTEMS.* 


429. Disadvantages of Single Phase A.C. Systems.—It was observed in paragraph 262 
that the main objection to a single phase A.C. supply is that the power absorbed, continuously 
varies throughout the cycle and is actually negative during a part of the time, unless the current 
and voltage are exactly in phase. This can be made more evident by taking the work of paragraph 



326 a little further, and actually plotting a curve 
representing the product of the instantaneous 
current and voltage. 

The instantaneous power is :— 

iv = 3^ sin ix^t sin ± <^). 

Fig. 204 represents the graph of the various 
quantities for J = 10, ^ = 100 and <(> = 25°, 
lagging. 

It will be noticed that there are two short 
periods of negative power during which the flow 
of power is from the circuit to the source. This 
reverse power is obtained from the field of the 
inductance (or its equivalent) which is the cause 
of the lag of the current. During these periods 
of reverse power, the induced E.M.F. in the 
inductance overcomes the voltage of the source, 
and the instantaneous conditions are exactly 
the same as those prevailing when the E.M.F. 
of a cell-charging direct-current generator is 
reduced to a value less than the E.M.F. of the 


• Some of this chapter is an adaptation of the treatment of this subject given in the Naval Electrical Manual, 
Vol. /, 192a 
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battery and a reverse current flows. If the current were leading, due to the presence of capacity 
(or its equivalent) in the circuit, the reverse power arises from the condenser discharging through 
the source when the E.M.F. of the latter is at a small value. The mean power over a considerable 

joy 

length of time is given by -y" cos <f>, or IV cos <f>, as in paragraph 326, and is shown by the line 

indicated in Fig. 204. Numerically, its value is given by ^ 25® = 453-2 watts. 

It is shown below, that by using pol 5 q)hase systems, with balanced loads, the periods of negative 
power may be eliminated, and a larger ratio of power output to weight can be obtained. Fig. 
205 (b) represents the three voltage waveforms of a three-phase supply, the voltages being spaced 
by 120°; for a two-phase supply the voltages may be spaced in time phase by 90°, as shown in 
Fig. 205 (a). 

★430. Two-Phase and Three- 
Phase Systems, the Phases being 
separately Loaded and Balanced.— 

As explained in paragraph 265, one 
method of making use of a polyphase 
supply is to use each of the available 
voltages as a one-phase supply for 
one group of circuits. If the current 
supplied and its phase relative to the 
available voltage are the same for each 
group of circuits, then the load is said 
to be balanced, Md it is under these con¬ 
ditions that the power supplied by the 
source is uniform throughout the cycle. 
Consider, for example, the two-phase case represented by Fig. 205 (a). U Vi = ^ sin wf is the 
voltage No. 1, then that of No. 2 will be Vj = sin (to< — 7i/2), since the amplitudes are the same 
and the phase difference is tz/2. If the currents supplied are equal and lag or lead by the 
same angle <f>, they will be = J sin (w< — and tj = J sin (co< — n/2 — ^). 

The instantaneous value of the power supplied is :— 






Fig. 205 . 




ijV, -f tjv 




= (fit sin (co/ — <f>) + sin (co^ — r:/2) sin (co^ — 7r/2 

= J^{sin (fit sin (o)^ — ^) + cos at cos {(fit — (/>)} 

= cos </> = 2IV cos <f), 
and is constant throughout the cycle. 

For the three-phase case of Fig. 205 (6), the voltages will be :— 

sin (fit; — ^ sin {(fit — 27 r/ 3 ) ; ^ sin {(ot — 4k/3), 

and the currents will be 
ij^ = J sin {(ot — (fi) 

and 

Inst. Power = + 1 * 2^2 + h'^s 

— [sin (fit sin {oit — <f)) 


<!>)} 


= J sin {(at — 2n/3 — <f>) ; and = J sin {(at — 4^/3 — <f>) 


+ sin {(at — 27r/3) sin {(at — 27z/3 — </>) 
-j- sin {(at — 47r/3) sin (at — 47r/3 — ^)] 


= j^sin at sin {at — 

f • a ^ . 27 u \ / . , ^ 27z 

+ S sin at cos -j — cos at sin ^ j’^sin {at — <p) cos 


cos {at — sin 


271: 

“3 


} 


f . . 471 47 i:\/ . / . 47 C I 1 i\ ■ 

-(- S sin oif cos — cos at sin J‘'^sm (tof — (f>) cos — cos (at -- <f>} sin J* 




b 


sin at sin (< 0 ^ — ^) + cos at cos {at 


-4>) 


which is again constant throughout the cycle. 


i 2 
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The same result applies to a six-phase alternator, and this uniformity of the power output 
throughout the cycle is one reason for arranging the circuits so that the load may be balanced. 
The other principal reason is that since the sources are all exactly alike and so have the same 
resistance, the heating loss for a given total current output is a minimum when the currents are 
equally divided. 

431. Two-Phase, Three-Wire System.—^This arrangement is shown diagrammatically in 
Fig. 206 (a). The two sources are represented by and Sg and are connected to load circuits 
Lj, Lj, . . . etc., and Lg, Lj . . . etc., by means of the wires A and B and the common return 
wire C. The two sources are always so arranged that when the voltage wave is positive and is 
plotted above the line in Fig. 205 (a), then the wires A and B respectively are positive to the 
common return wire C. 



Thus, A will be positive to C during 
the first half of the cycle shown in Fig. 
205 {a), and B will be positive to C during 
the second and third quarter cycles. The 
current from the source 1 passes out along 
the A wire and back along the C wire ; 
current from 2 leaves by the wire B and 
o.scM.i 5 oov..tT» also returns along C. Thus the current in 
cunAtwToic*.. Q sum of the two currents 



supplied by 1 and 2, due regard being 
W paid to the time phases. This sum is 

Fig. 206. most conveniently found by the vector 

method as in Fig. 206 (b). Here, OVi 
and OVj represent the voltage waveforms No. 1 and No. 2 of Fig. 205 (a). The currents supplied 
depend upon the impedances of the circuits L^, L^, . . . etc., and L^, L 2 , . . . etc. Each current 
wiU lag or lead on the voltage by the characteristic angle of the circuit, and will be equal to the 
voltage divided by the impedance. In Fig. 206 (6) the current taken by L^, L^, . . . etc., is 
represented by 01 1 , and is of magnitude 65 amps., lagging by 15®. The voltage being 5,000, this 
assumes an impedance of Lj, Lj, . . . etc. of 5,000/65 = 77 ohms. Similarly, the current OIj 
is 22 amps., lagging by 40® ; the load<i Lo, Lg, .... etc., being assumed to have an impedance of 
227 ohms. Other values of the impedances of the circuits would, of course, take correspondingly 
different currents. The current in the wire C is the sum of OI^ and Olg, viz., OI; found by com¬ 
pleting the parallelogram OlxIIg. 

The load will be balanced when OI^ and Olg are equal and make equal angles with OV^ and OVj 
respectively. In that case the current in the C wire is \/2 times the current in either of the wires 
A or B. 


With the three-wire arrangement of Fig. 206 {a), load circuits could be connected between the 
wires A and B as at Lg, Lg, . . . etc., in Fig. 207 (a), the common return wire not being used. The 
voltage available between the wires A and B, t,e., the amoimt by which A is positive to B, will be 
the difference between the amount by which A is positive to C, and the amount by which B is 
positive to C. That the difference must be taken is clear when it is remembered that for this 
arrangement the two sources are so connected that when the voltages are positive the wires A and 
B respectively are positive to the wire C. If one voltage is negative, the voltage between the wires 
A and B will be arithmetically the sum of the two instantaneous voltages. This, however, is 
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automatically allowed for by taking the 
algebraical difference and making due 
allowance for the signs. This difference 
of the two voltages is found, as in Fig. 
207 (6), by reversing the voltage OVg and 
adding, by completing the rectangle 
OViVj, gV'g. The value of OV^, g is clearly 
\/2 X OVi and the voltage available 
between the wires A and B is V2 times 


the voltage of each source, and in phase is 45® ahead of the voltage of source 1. 
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432. Three-Phase, Four-Wire Star Connection. —^This arrangement is shown in Fig. 208 (a) 
and is similar to the two-phase, three-wire connections described in the previous paragraph. The 
three sources 1, 2 and 3 are connected to the loads L^, Li, . . . etc.; Lg.L,, . . . etc., and L 3 , L 3 , 
. . . etc., by the wires A, B and C, and the current returns along the common wire D. The 
connections to the sources are so made that when the voltage is positive and plotted above the 

line in Fig. 205 ( 6 ), the wires A, B or C 
respectively are positive to the common 
return wire, D. The current in the com¬ 
mon return wire will then be the sum of 
the three currents supplied to the three 
load circuits. The currents may have 
any values, depending upon the load 
circuits, and the sum of them is found 
by the vector diagram of Fig. 208 (b), 
where two of the currents are assumed to 
be lagging and one leading. The voltage 
OV 3 are equal and spaced 2n/3 (120°) apart. The three currents 
the last being the one leading on the voltage OV 3 . The current in 



vectors OVj, 
are 01 ^, 01 , 


(«•) 


OV, 





Fig. 208. 


and 
and OI 3 , 

the common return wire is OIp, found by means of the construction shown in broken lines 

For a balanced load the currents 01 1 , OIj and OI 3 would be equal in magnitude and spaced 
120° apart, since each would lag by the same angle <j> on the voltage maintaining it. The sum 
of three equal vectors 120 ° apart is zero, and under those conditions, therefore, there would be 
no current in the wire D, and if a balanced load could be ensured it would be unnecessary to provide 
this common wire. In practice, where the method of connecting the load circuits shown in Fig. 
208 (a) is employed, it is not possible to ensure an exact balance of the loads and the fourth wire 
must actually be provided, though its current carrying capacity may be only, say, 25 per cent, 
of that of the other wires. 

433. Three-Phase, Three-Wire Star Connection.— An alternative way in which the 
load circuits may be connected up to the three sources of Fig. 208 (a) is that shown 
in *Fig. 209 (a). This is exactly analogous to connecting a load circuit across the 

c_ _V, ^_^v,., wires A and B in the two-phase, 

three-wire system of Fig. 207 (a). 
A load circuit represented by L^, 3 
may be connected between the A and 
13 wires, another Lg, 3 between the 
B and C wires, and a third L 3 , ^ 
between the C and A wires. The 
voltage available for the load circuit 
will be the amount by which A is 
positive to B. This will be—as in 
the two-phase case—the difference of 
the voltages of the sources 1 and 2 . 
In Fig. 209 ( 6 ), the voltages of the three sources are represented by OVj, OV 3 and OV 3 . The 
difference between OVj and OV 2 is found by reversing the latter and completing the parallelogram. 
The resultant is OVj, 3 and since the angle Vj, 3 OV is 30°, the “ cosine rule ” shows that the length 
of OVj, 3 will be V3 times OV^. 

OVj, 3 * = 20V 3 ^ + 20Vi» cos 60° = 20Vi» + 20Vx i 
= 30V 1 * 

. • . OVi, 3 = V3 OVi. 

This means that the voltage between the wire A and the wire B is V3 times the voltage of the 
sources, and in phase it is leading by 30° on the voltage of source 1. Similarly, the voltage between 
B ’and C will be OV,, 3 and between C and A OV 3 , x ; each of these being VS times the voltage of 
the source. 



(«*) 



Fig. 209. 
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The three vectors OVi, 2» OV2,3 and OV 3, ^ are equal and have a difference of 120® in time 
phase. They represent, therefore, three voltages similar to the three waveforms of Fig. 205 ( 6 ). 
With the arrangement of Fig. 209 (a) no use is made of the common return wire, D ; it is unneces¬ 
sary and only three wires are required, quite irrespective of whether the load is balanced or not. 

With the arrangements of Fig. 208 {a) and 20& (a), the sources are said to be star connected, 
because of the conventional method of representing the sources 1 , 2 and 3. This convention is 
adopted owing to its relation to the three vectors OVi, OVg and OV3 of Figs. 208 {b) and 209 ( 6 ). 
The load circuits of Fig. 208 (a) are also said to be star connected, but those of Fig. 209 {a) are 
different and are described as “ mesh ** connected, or ‘‘ delta '' connected (paragraph 265). 

In diagrams, the loads are often shown connected in the form of the Greek capital letter Delta, 
as the sources are in Fig. 1 12 (a). In Fig. 209 (b) it may also be noted that the dotted lines drawn 
from the ends of the vectors OV^, OVg, and OV3, together form the letter delta ; moreover, trigo¬ 
nometrically, it can easily be shown that these dotted lines are equal in magnitude and direction to 
the vectors OV^, 2 , OV 2 , 3, OV3, ^ respectively. They are, therefore, vectors themselves, and this 
vector delta diagram may be used as an alternative way of producing Fig. 209 ( 6 ). 

The usefulness of the vector delta diagram for star connected sources may also be extended 
to include star connected loads. When the latter are balanced the relation between the phase 
and line voltages at the load end must clearly be represented by a vector diagram of the same 
nature as that applicable to the sources ; the delta diagram drawn about O as in Fig. 209 (i) 
hence represents the three equal voltages across the phase loads, and the line voltages respectively. 

When the loads are unbalanced, the phase voltages become unequal; the relation between the 
phase voltages is determined by the position of the point O, which may be assumed capable of 
wandering and taking up any position inside or outside the delta diagram, the framework of which 
represents the constant line voltages. Unbalanced loads often present complex problems ; many 
of them may be simply solved graphically by suitable use of the delta diagram (paragraph 442). 

It shoiJd be noted that with balanced loads the vector sum of the phase voltages is zero, and 
forms a closed polygon when plotted, namely a triangle. With unbalanced loads a closed figure will 
not be produced, and a meaning can usually be found for the closing side '' of the polygon. 

Attention is called to the use of numerical sub-scripts in this work. It is a help always to write 
the sub-scripts in cyclic order, 1 , 2, 3, 1, etc.; this symmetrical notation is particularly useful in 
calculations involving algebraic equations (paragraph 442). 

The arrangement of Fig. 209 (a) is the one most commonly used in the large three-phase alter¬ 
nating current power transmission systems. The connections which have been spoken of here as 
the wires A, B and C become the three conductors of the power transmission lines and are often 
spoken of as the three “ lines.” 


434. The Relation between the Line Current and the Load Current with Mesh Con¬ 
nections. —Referring to Fig. 209 (a), the current from source 1 is positive when flowing out along 
the A wire. The voltage across the load circuit is positive when the wire A is positive to B, and the 
positive direction of the current in L^, 2 will therefore be from the wire A to the wire B. Similarly, 

the positive currents in the sources 2 and 3 are out along the B 
and C wires respectively, and in the load circuits L 2 , 3 and L 3 , ^ 
from wire B to wire C and from wire C to wire A respectively. 
Thus, the current along the A wire will be the current in the L^, 2 
circuit (from A to B) minus the current in the L 3 , ^ circuit (from 
C to A). Similarly, the current in the B wire is the current in the 
load circuit Lg, 3 minus the current in Lj, 2 ; the current in the 
C wire is the current in L,, ^ minus the current in L 2 , 3. The 
voltages maintaining each of the load currents are the voltages 
OVi, 2 , OVg, 3 and OV3, ^ of Fig. 209 ( 6 ). Each current can be 
calculated when these voltages are given and the details of the 
circuits are ascertained. In-Fig. 210 the three-load circuit voltages 
OVj, j, OV„ 3 and OV3, ^ and the three-load circuit currents 
Oil, %» 01 3,31 OI3, 1 have been drawn in for one particular arrange- 
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ment of circuits; all three currents being assumed to be lagging. The current in the A wire is 
Oil, I minus Ola, i, viz., 01 1 ; found by reversing OI 3 , 1 and completing the parallelogram as 
shown by the dotted lines. This will also be the current in source 1. Similarly, the current in the 
B wire and in the source 2 will be 01 2 and in the C wire and source 3, 01,. 

Thus, if the voltage of the sources is known, the voltage between the wires—^generally known 
as the “ line voltage ’’—can be found. It is V 3 times the voltage of the source and leads by 
30®. Then, if the details of the circuits are known the circuit currents can be found and from 
them the currents from each source can be determined. In the numerous practical cases in which 
these calculations are necessary it is generally the line voltage that is known, which eliminates 
one step in the calculations. 

To take a numerical example, suppose that the line voltage is 110 R.M.S. volts and that the 
load circuits consist of :— 


Lj, 2 . Lamps and radiators equivalent to a non-inductive resistance of 

1 *8 ohms. 

Lg, a . An inductive circuit of impedance 2*5 ohms and having an angle 

of lag of 45®. 

La, 1 . An inductive circuit of reactance 0-8 ohm and resistance 1 -25 ohms. 


What will be the currents in the three lines, and their phases relative to the voltages of the three 
sources ? 

Here the line voltages are each 110 and may be drawn in as in Fig. 210. The current 01 j, , 
will be of magnitude 110/1*8==61*1 amperes and will be in phase with OV^, g. The current 01,, a 
will be of magnitude 110 / 2 *5 = 44 amperes and lags on the voltage OVg, 3 by 45®. The current’ 
OI 3 , I will be of magnitude llO/V(0*8)^ + (1 -25)^ = 73*9 amperes and the angle of lag will be 
0 • 8 

tan Drawing in these three currents to scale and completing the parallelograms 

gives Oil = 93*7 amperes ; 01, = 105 amperes, and 01, = 96 amperes, and the phase angles 
relative to the voltages of the source as 21® 25', 23® 10' and 28® 30'. 

These results may be checked by considering the power supplied from the sources and the power 
expended in the load circuits (paragraph 436). 

The former is :— 

^.( 93-7 cos 21 ° 25' + 105 cos 23° 10' + 96 cos 28° 30' j== 17,000 watts. 

The power expended in the circuits will be :— 

1102 1102 cos 45® / 110 ^2 

1-8 2-5 I 'v/(0-8)a+{1-25)*/ 

= 17,000 watts, 

so checking the previous calculations. 

With a balanced load, the currents taken by the load circuits will be equal and will 
differ in phase from the line voltages by equal amounts. In this case the three currents 
from the three sources will be equal and—as can be seen from the geometry of the parallelograms 
then arising—will be V3 times the current in the load circuits. With the arrangement of connections 
of Fig. 209 (a) —the one most commonly met with in practice—the line voltage is V3 times the 
voltage of each source and the line current is V3 times the current in each load circuit. 

435. The Mesh Connection of Three Sources of Alternating Voltages. —The three 
sources may be connected in series as in Fig. 211, provided the connections are such that when the 
. voltage of 1 is positive, A is positive to B ; when the voltage of 2 is positive, B is positive to C ; 
and when the voltage of 3 is positive, C is positive to A. 
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It appears at first sight that this arrangement constitutes a short circuit of the three sources. 
This is not so, however, because the time-phase of the voltages is not the same. Regarding the 
three sources as a closed circuit, the available voltage tending to circulate current will be the sum 
of the three voltages OVi, OVj and OVj of Fig. 209 {b) —which is obviously zero. Thus, at every 
instant, the tendency of one voltage to drive current in one direction is balanced by the tendency 

of the other two to drive current in the opposite direction. 
Or, referring to Fig. 205 ( 6 ), the sum of the three curves is 
zero for every instant of time throughout the cycle. 

This arrangement is used in practice to a con¬ 
siderable extent where relatively low voltages are 
required. Fig. 211 shows mesh connected sources joined 
to equal and similar star connected impedances. {Cf. 
paragraph 266.) 

436. The Power Supply with Three-Phase Cir¬ 
cuits.—Each individual load circuit will have a definite 
power factor, and if I^, ,, Ij, j and I 3 , ^ are the three 
phase currents, 3 and <^, j are the angles of phase displacement and V is the line voltage, 

then the power supplied is :— 

V { Ij, 3 cos <f>i, I -|- I 3 , 3 cos ^ 3, 3 + Ij. 1 cos <f>^, 1 }. 

If the load is balanced all the currents will be the same (Ic) and all the angles will be the same {<f>) 
and the power will be 3VIo cos <f>. Moreover, with a balanced load, the line current (I) is V3 
.times the current in each load circuit and so the power is :— 

3 VI 

cos = V 3 IV cos <f>. 

Under these circumstances cos ^ may be spoken of as the power factor of the system, 
but unless the loads are balanced this term has to be defined as the ratio of the actual power supplied 
to the circuits to the sum of the volt-amperes for the three circuits. 

437. Numerical Examples. 

Example 56. 

A three-phase system supplies 25 kW. at a P.F. of 0-8, the line pressure being 250 volts. 
Calculate the line current (Ij,) and the phase current when the load is (a) star connected; (b) 
mesh connected. 

(a) STAR CONNECTED. 

Power = Vs Vl II cos <f> . 25,000 = V3 x 250 Ij, x 0-8. 

25,000 25 

• • 1 l = = Trrrr, — 72* 16 amperes. 

250 X V3 X 0-8 0-3464 ^ 

.•. Line current = 72-16 amps., and Phase current = 72-16 amps. 

(b) MESH CONNECTED. 

72-16 

Phase current = = 41-67 amps. (paragraph 434). 

.•. Line current = 72-16 amps., and Phase current = 41-67 amps. 

Example 57. 

Three coils, each having a resistance of 10 ohms and an inductance of 0-02 H. are cormected 
(a) in star, ( 6 ) in mesh, to a three-phase 50 cycle supply, the line voltage being 500 volts. Calculate, 
for each case, the line current and the total power absorbed. 
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(a) IN STAR (C/. Fig. 211).—From the S 3 nnmetry of three-phase diagrams it is clear that 
loads and sources may be interchanged for the purposes of simplifying calculations ; 
in this case the star connected loads may be regarded as star connected sources, for 
which it has been seen that— 

Line volts = phase volts x \/3. 

500 

Phase volts — 288-7 volts. 

2 

coL = 2 X TT X 50 X = 6 • 2832 ohms. 

Z = VlO* -f 6-2832* = V139-49 = 11-81 ohms. 

288-7 

. • II = = 24-44 amps. 

Power = V3 Vl II cos <f>, and tan ^ =- = 0 • 62832 


^ = 32° 8'. 

Power = V3 X 500 x 24-44 x 0-8468 = 17,930 watts = 17-93 kW. 
(6) IN MESH. ^ 


Phase current = 


500 


= 42 -34 amps. 


11-81 

Line current = V3 X 42-34 = 73-31 amps.' 

Power = Vs X 500 x 73-31 x 0-8468 = 53,750 watts = 53-75 kW. 

438. Measurement of Power, in Three-Phase Circuits. 

(a) BALANCED LOAD WITH NEUTRAL POINT AVAILABLE.—One wattmeter 

is connected as shown in Fig. 212 (a). 

Total power = three times the wattmeter reading (or the wattmeter 
scale may be graduated so as to read three times the actual power measured). 

(b) UNBALANCED LOAD-THE TWO WATT-METER METHOD (THE METHOD 

INVARIABLY 
EMPLOYED IN 
PRACTICE).— 
The connections 
of the two watt¬ 
meter method are 
shown in Fig. 212 
(b). The current 
coils are in two 
of the outgoing 
lines and each 
voltage circuit 
is connected to 
the third out¬ 
going line. With 

these connections the sum of the readings of the wattmeters gives the total 
power supplied, quite independently of the nature of the load or of the 
waveforms of the currents and voltages. In the case of a mesh-connected 
load, this can be proved as follows:— 






(e) 


Fig. 212. 
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Let tj, 2> s ij, 1 be the instantaneous currents in the three loads and let 2» ^2> 3 
Vj, I be the corresponding voltages, the + and — signs indicating the positive directions. The 
instantaneous current through the current coil of is fj, 2 — 1 ^^^id that through the current 

coil of W2 is t2» 3 — h, 2* The instantaneous voltage applied to the volt-coil circuit of is — ^3, 1, 
the positive direction being from the line A to the line C. The voltage applied to the volt-coil 
circuit of Wg in a similar direction, viz., from line B to line C, is V2, 3. The instantaneous torque 
on the volt-coil of is therefore proportional to 

^3> 1 (h» 2 h* 1) 

and that of Wg is proportional to 

3 (^2* 3 2)* 

The wattmeter Wj will therefore indicate the mean value of •— 1^3, ^ o — 1) and the wattmeter 

Wg will indicate the mean value of Vg, 3 (^2. 3 ““ 2)* ^he sum of the two wattmeter readings 

therefore gives the mean value of 

~ ^' 3 » 1 (h> 2 ^3* 1) + 3 (H* 3 “* h» 2) 

— V3, 2 X3, 2 3 ^ 2 * 3 — ^ 1> 2 (^ 3 » 1 ^ 2 ’ s) ’ 

But at every instant (i;2, 2 + ^2» 3 + ^'3» 1) must be zero and so 

2 “ (^^ 3 » 1 l‘ ^2» 3)^ 

whence the sum of the two wattmeter readings will be the mean value of (i>3, 2 1 4 ' ^2» 3 ^2» 

+ Vi, 2 ii, 2)1 which is the mean value of the power supplied to the three load circuits. 

This connection must give the true power supplied for any other arrangement of the load, 
because, whatever the currents and voltages may be, some hypothetical mesh-connected load can 
be imagined which will take the same currents at the same voltages. For these hypothetical 
circuits the power is given by the sum of the'wattmeter readings. Now if the currents and voltages 
are specified there can only be one value for the mean power supplied, which is therefore that given 
by the sum of the two wattmeters in every case. 

439 . Three-Phase Transformers.—In general, it may be shown that from a single phase 
A.C. supply it is not possible to obtain a polyphase system by direct transformer action, but that 
from a two-phase circuit, by means of transformers, any type of polyphase system may be supplied. 
A three-phase supply may be transformed into a similar three-phase system at a different voltage, 

or turned into a six-phase' supply; under certain 
conditions it is even possible to effect a three-phase 
to single phase transformation, although that can only 
be done at the expense of unbalancing the primary side 
if static plant alone is used. Thus, by winding the 
three phases on a simple type of closed magnetic circuit, 
a single phase alternating flux would be produced {cf. 
paragraph 263 ); each of the three secondary windings 
would have an equal in-phase induced voltage, and it 
is only possible to obtain a single phase supply from 
this arrangement. 

In general appearance three-phase transformers 
resemble single phase ones, but in the circular core type there is an added portion represented by 
the broken line in Fig. 214 (a), in order to accommodate the three phases on a closed magnetic 
circuit. In the core type of transformer the axis of the coil is usually vertical, the parts of the 
magnetic circuit encircled by the coils being known as the cores, legs or limbs, the remainder of 
the magnetic circuit being known as the “yoke."' Fig. 214 (a) represents a vertical section 
of this type of transformer, showing a plan view of one of the vertical cores with a winding on it. 



(a) W 

Fig. 213. 
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Because of the general appearance of the transformer, 
the coil windings may be realistically represented by 
diagrams of the nature of Fig. 214 (6) and (c). The primary 
and secondary windings of each phase enclose the same limb 
of the core of the transformer, the magnetic circuit for the 
flux produced in one limb being completed through the 
other two. 

The phase relationship of the flux produced in each 
limb is the same as that of the respective voltages; at any 
instant the vector sum of the upward and downward 
flux in space is zero {cf. paragraph 263). In effect this 
means that the flux in any limb is that which would be 
produced if each of the phases were transformed by separate 
transformer action. Fig. 213 represents diagrammatically 
the state of affairs at two particular instants of time for 
phase No. 1 {cf. Fig. 110, paragraph 263). Fig. 213 (a) 
shows the instant of maximum flux, the flux being equal 
numerically to the sum of the equal fluxes produced simul¬ 
taneously in the other two phases. Fig. 213 (6) represents 
the instant of zero flux in phase 1, and this is also the 
instant at which the flux due to phases 2 and 3 produces 
mutual cancellation in the limb of phase 1. 

Owing to the many different kinds of transformation 
which can be effected with pol 3 q)hase supplies, there are 
very many ways in which power can be supplied to the 
primary and taken from the secondary. It is not possible 
in this work to give a complete discussion of all of them, and 
Fig. 214 (6) and {c) must only be taken as representing two 
simple connections. 

Fig. 214 (b) shows the primaries and secondaries both 
star connected. The star/star connection is the most 
economical one for high voltages, and finds its greatest 
application with three-phase core type transformers used for 
supplying relativelj^ small loads. Both neutrals are available 
for earthing or for giving a balanced four-wire supply. 


Fig. 214 (c) is a diagrammatic representation of the connections representing mesh connected 
primaries and star connected secondaries, a type of connection further shown in Fig. 215. The 
delta/star connection is widely used for stepping down to supply a four-wire load which may be 
balanced or unbalanced, and for stepping up to supply a high-tension transmission line. Alterna¬ 
tively, the secondary neutral may be earthed, as in Fig. 215 (a) where the secondary load is 
automatically balanced. 


440. Example 58. —Pressure is supplied to a three-phase, core-type transformer at 
20,000 volts and transformed down to 2,000 line volts at a frequency of 50 cycles. The high- 
tension winding is delta-connected and the low-tension star-connected—Fig. 214 (c). The core is 
made up of three packets of plates, one of 25 x 17 cm. and two of 4 X 17 cm. Assuming a 
maximum flux density of 12,000 lines per sq. cm., calculate the number of turns in each winding. 

As the high-tension winding is connected in delta the voltage across each winding = 20,000 
volts. The low-tension winding, being connected in star, will have a voltage per winding 

2,000 

aaa = 1,154 VOltS = Ej. 
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Consequently, the ratio of transformation 


T _ - ^2 _ M54 

“ Ej ~ Ni ~ 20,000 


= 0-0577. 


Total area of each core .(Fig. 214 (a)) 

= (25 X 17) + 2 (4 X 17) = 560 sq. cm. 

Allowing 10 per cent, for insulation between plates, the active area of each core = 0-9 x 560 
= 504 sq. cm. 

The instantaneous veilue of the secondary E.M.F. in each phase is given by the rate of change 
of flux linkage. With the usual symbols, and assuming no leakage flux. 


d<f> 

tf, = — N, ^ where <f> = <f> 


sin <x>t 


.•. ^2 = — max COS Gif X 10"® = S^cosoit .in volts, 

where — Njto^ max X 10"® .in volts, 

or in R.M.S. values, and putting w = 2 nf, 

E, = 2nfN^ max. X 10 ®/V2 = 4-44/N2^ max.. X 10-®. 

.-. Na = E2/4-44/,^max. 10-® 

1154 X 10 ® 

■' ■ ” 4-44 X 50 X 504 X 12000 = P"' "’““S’ 

and Nj = ^* = ~ turns per winding. 


441. Three-Phase Power Rectifiers. —Fig. 215 represents a three-phase power rectifier 
employing separate diode valves, and a three-phase supply connected using the delta/star con¬ 
nection ; an alternative diagrammatic representation of the connections of the windings is given 
in Fig. 215 (6). 

For convenience this figure is included here, but the student will find it useful to study it in 
conjunction with Section “ H ” on “ Power Supplies." 

In practice, the three diode valves may be replaced by mercury vapour rectifiers, in which the 
three anodes may be included for convenience within the same valve envelope. 

The action is similar to that of a full wave rectifier (“ H ” 3) electrons being drawn across the 
valves whenever their respective anodes are positive to the filaments. In operation, the top plate 
of the large reservoir condenser (C) suffers from a permanent deficit of electrons, which constitutes 

a positive charge. If the rectifier is on no-load, 
the P.D. across C will build up until it is equal to 
the peak P.D. between anode and filament, pro¬ 
duced by any one of the phases. When the 
rectifier is on load, the P.D. across the condenser 
drops slightly until reaching an equilibrium state 
in which the charge flowing into the condenser 
just balances that flowing out. If the anode 
portions have similar characteristics, the load on 
each phase will be automatically balanced. 

The remaining features of this diagram will 
be better appreciated after following the discus¬ 
sion in “ H " 8 ; resistances (1) represent the 
“ equalising resistances." 

In general, polyphase rectifiers may be 
employed and give better results, as regards the 
reduction of the ripple on the D.C. voltage 
supply (“ H ’’ 5), the greater the number of 



Fio. 215. 
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phases, the rectifier having as many anodes as there are phases in the supply. But although 
increasing the number of phases reduces the undulations in the rectified D.C. supply, it becomes 
expensive to increase the number beyond a certain limit, and for all practical conditions this limit 
is six. 

It will be observed that an earthed shield is shown between the primary and secondary windings; 
in practice it consists of a thin brass sheet or layer of copper gauze which is connected to the trans¬ 
former casing, and the whole bonded to earth. This shield acts as a safety device to prevent 
possible disastrous effects of any accidental electrical connection between the windings, thereby 
also providing a measure of safety for the operator. If a fault should occur on the high tension 
side, the secondary would be earthed, fuses would be called into play, and the faulty transformer- 
cut out. 


Unbalanced Three-Phase Loads. —It is not possible within the scope of this work to 
give a detailed account of this subject. It is only proposed to give a discussion of a numerical 
example which demonstrates some of the principles which are generally applicable in all problems. 
For the use of the student, some other examples are also included. 

Example 59. 

A condenser of reactance 50 ohms, an inductance of reactance 50 ohms, and a resistance of 

50 ohms are joined in star and 
. y connected to a three-phase supply 

\with 100 volts between lines. 
\ CL Find the phase voltage across 

1% each member of the load. 

? ? necessary symbols, em- 

j I Yi \ ploying a symmetrical notation, 

I ^ ^ i-- \ are shown in Fig. 216 (a), the 

^11 \ ^ phase voltage across being 

• 1 r, / /'' // and that across Zj being V„ 

1 —j ^ y-l - 

y U _ / commencement of 

/ * the problem only the three line 

/ voltages are known; these are 

shown graphically on the delta 
(a) (Jfy) diagram in Fig. 216 ( 6 ). In the 

210 unbalanced state two of the 

phase voltages will clearly be 
numerically equal, but the new 

position of O, namely O', cannot be plotted until one of the phase voltages is known. This involves 
a determination of one of the phase currents, accomplished here by the application of Kirchhoff's 
Laws. 

Defining the positive direction of the phase currents as shown in Fig. 216 (a), by Kirchhoff's 
Laws we have :— 

V„ = I,Z,-I,Z, . ( 1 ) 

^23 — ^ 2^2 ^ . ( 2 ) 

Ii + I 2 + I 3 = 0 . (3) 

The vector sum of the currents at O must be zero. Taking numerical values, and expressing the 
quantities vectorially— _ 

~ 50 + J 50 V 3 1 Zi = ~ SOjl 

Vaa = 100 ^ Za = 50 V 

V 31 = - 50 - j 50 V 3 J Z, = 50i J 


V — — ' 

V 12 — 

V28= 100 


= _ 50 - 7 50 V 3 j 


Zi=--50jl 
Z, = 50 > 

Z. = 50i J 


- 50 + j 50^3 = - Ii 50; - I, 50 
100 = 1,50 - I, 50; 
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Hence 

h = 2j-jl, . ( 4 ) 

and 

Ii=-i-VS+ila . (5) 


. ■ . from (3) — j — Vs + jlj + I 9 + 2j —jlj = 0 
. • . Ij = Vs — or ij = 2 amps, 
and by substitution in (4) and (5) 

I, = 0 -268j — 1 or i, = 1 '035 amps. 

Ii = 0• 732j - 0• 732 or = 1 • 035 amps. 

Hence P.D. across Zj = 100 volts, 

and ,, Z, = 51-75 volts, 

and ,, Zj = 51 -75 volts. 

The vector diagram may now be completed ; O'a and O'b represent the two equal phase volt¬ 
ages, O'c representing the voltage across Z^. The vector currents are shown by dotted lines, their 
vector sum being zero and represented by a closed polygon. The condenser current leads 
by 90®, Ij lags behind V 3 by 90°, and I j is in phase with Vj. 

This example shows clearly the effect of departure from the condition of balanced loads repre¬ 
sented by the point 0 . 

Example 60. 

Three impedances of 20 ohms each and each having a reactance of 12 ohms are connected in 
star to a three-phase supply with 400 volts between the lines. Find the power taken and the 
power factor. Find the three equal impedances which if placed in mesh on the same circuit would 
take the same power at the same power factor. (I.E.E., November, 1932.) 

Answer. —6*4 kW. at 0-8 p.f. lagging; Z = 60; X = 36. 

Example 61. 

What are the advantages of the three-phase, 4-conductor system for a distribution network ? 

In such a system there is a balanced three-phase motor load taking 200 kW. at a power factor 
of 0*8 lagging, while lamps connected between phase conductors and the neutral take 50, 70 and 
100 kW. respectively. The voltage between phase conductors is 430 volts. Calculate the current 
in each phase conductor and in the neutral wire of the feeder supplying these loads. (Univ. Lond., 
1938, El. Power.) 

Answer. —510, 587, 699, neutral 174 amps. 

Example 62. 

A three-phase supply with the neutral point earthed and with a constant P.D. of 430 volts 
between lines, supplies the following unbalanced loads connected in delta: 65 kVA power factor 
O’7 leading between lines 1 and 2, 100 kVA power factor unity between lines 2 and 3, and 75 kVA 
power factor 0*6 lagging between lines 3 and 1. Give a graphical representation of the line and 
phase voltages and currents, and find, graphically or otherwise, the current in each line conductor 
of the supply system. (C. & G. Final, 1929.) 

Answer. —64 amps., 380 amps., 407 amps. 
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THE DECIBEL AND THE NEPER. 

1 . Historical.—The “ decibel ” is the 1/lOth part of a “ bel ” (after Alexander Graham Bell, 
inventor of the telephone sounder), a unit in which one may express power ratios, and gain or loss 
ratios of related quantities such as current and voltage. It originated in line telephony in 1923, 
when the American Telephone and Telegraph Company introduced a new unit, then called a 
“ transmission rmit ” ; this was to replace an older conception based on a ratio comparison between 
the decrease in signal strength produced by the given telephone line, and that produced by a “ mile 
of standard cable.” In 1924, an international advisory committee on long distance telephony in 
Europe, together with the representatives of the Bell system, agreed to recommend their countries 
to adopt as standards 

EITHER the “ bel,” a unit based on logarithms to the base 10, and equal to 10 of the American 
Company’s “ transmission units,” 

OR the “ neper ” (after Napier), a unit based on Naperian logarithms to the base e. 

The growth in popularity of the decibel, since 1929, has been so great that it is now almost a house¬ 
hold word throughout all branches of Electrical Engineering and Acoustics. 

2. Definitions. 

THE DECIBEL ;—Two powers Pj and are said to differ by N “ bels ” when— 

= 10*^ i.e. N = log 10 ^ . in bels. 

1 2 ^2 

Or in words—“ The logarithm to the base 10 of the ratio of the powers, gives the gain or 
loss in bels.” If P], = Pj, then N = O. 

In practice, a unit of one bel is found to be inconveniently large, and the 1/lOth part of 
it—the decibel—is more often used. Using the smaller unit we have— 

^ — jQo-iN or N = 10 logio ^ . in decibels. 

”2 ^2 

The basic power ratio is 10° ', that is, 1 ’259. 

THE NEPER ;—Two powers P^ and Pj are said to differ by N ‘‘ nepers ” when— 

^ = (e*)N ^ lO*^ 

/p \ i P 

. • . j = i.e. N = i log, . in nepers. 

Any ratio in db. may be readily converted to nepers, for example 60 db.— 

p 

We have log 10 ^ = 6 bels. 

^2 

p 

. • . J log, — 2-3026 X 6 X i = 6-907 nepers. 

The neper is used in some European countries, but is less commonly encountered than the 
decibel. 

3. Cables, Amplifiers and Attenuators.—With these units, if the signal strength of a 
cable signal is 1 /10th of that at the transmitting end, the loss is 1 bel. With two similar cables in 
series, the received signal would be 1 /100th of the transmitted one, and the loss would be two bels. 

In any amplifier, if the output power is 100 times the input, the “ gain ” is two bels or 20 db ; 
with two such amplifiers used in series, the gain in power ratio would be 10,000.1, or 40 dbs. 
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One of the many advantages of the decibel is that the enormous ranges of power involved in 
communication work can be expressed in figures conveniently small, instead of astronomically 

In the above example, it will be noted that the net power ratio of two amplifiers in series 
involves the product of their individual power ratios, but only the sum of their decibel equivalents. 
This is due to the logarithmic nature of the unit employed. 

An attenuator may be regarded as the converse of an amplifier, and its power loss may be 
described in similar units. If two stages of amplification, one of p and the other of q dbs. is followed 
by a line having attenuation of s dbs., the net level at the output of the system will be (p -f- q — s) 
dbs. above the original input level. 

4. Voltage Gain in Dbs. —In general, two powers and Pj will be compared by observing, 
either, the voltage developed across a given impedance, or, the current through it. If the input 
and output impedances of (say), an amplifier are equal, the power ratio will be proportional to 
the square of the voltage (or current) ratio. 



i.e. N = 10 logio = 20 login ^.in dbs. 

or N = 20 login . 

•*2 

The voltage or current ratio relation is very frequently misused to describe a power ratio 
without regard to the necessary condition of equality between the input and output impedances. 
For example, it is not necessarily correct to say that an amplifier with a V.A.F. of 100, has a power 
gain of 40 db., when its “ voltage gain ” is given by that figure. Under proper conditions, however, 
an amplifier having a V.A.F. of 1000, or a power ratio of 1,000,000, would have a power (or voltage) 
gain of 60 db. 


Power and Voltage Gain Ratios Expressed in Decibels. 


Dbs. 

Power ratio. 

Voltage ratio. 

Dbs. 

Power ratio. 

Voltage ratio. 

0-1 

1023 

1-012 

60 

3-98 

1-995 

0*2 

1-047 

1-030 

7-0 

501 

2-238 • 

0*3 

1-072 

1-035 

8-0 

6-31 

2-456 

0*4 

1-096 

1-047 

9-0 

7-94 

2-663 

0-5 

1-122 

1-059 

10-0 

10-0 

3-162 

0-6 

1-148 

1-077 

20-0 

100 

10-0 

0*7 

1-175 

1-084 

30-0 

1000 

31-62 

0-8 

1-202 

1-096 

40-0 

10.000 

100 

0-9 

1-230 

1-109 

50-0 

100.000 

316-2 

1-0 

1-259 

1-122 

60-0 

1 ,000.000 

1,000 

20 

1-585 

1-259 

70-0 

10^ X 10* 

3-162 X 10» 

30 

1-995 

1-412 

80-0 

100 X 10* 

10 * 

4-0 

2-510 

1-585 

90-0 

1,000 X 10« 

31-62..10* 

50 

3-160 

1-778 

100-0 

10,000 X 10« 

10 * 


Interpolation is easy; for example, 15-2db. = 10 + 5 + 0-2, which gives a power ratio 
10 X 3*16 X 1-047 = 33-2. 

5. Absolute Power above an Arbitrary Datum—^Decibel Meters.—It is clew that the 
decibel is only a relative unit of power level; it is a ratio. If it is possible to arrive at some 
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standard power as a “ zero level," or datum of reference, then the absolute power may be expressed 
in decibels above the chosen datum. Various datum levels have been chosen for different purposes, 
and 1 milli-watt, 6 milli-watts, and 12 *5 milli-watts have been used in many cases. The zero output 
level of 1 milli-watt is frequently chosen for telegraphy work in radio engineering. In some recent 
sensitivity tests on a Service receiver, an output of 1 milli-watt at the telephone terminals, when 
using two stages of note magnification, was taken to correspond to a good R9 signal at the detector 
valve. In the same tests, input voltages between aerial and earth terminals were expressed in 
db. above 1 micro-volt as datum (ref. R.30). 

A receiver output power meter is essentially an A.C. voltmeter, calibrated in decibels with 
reference to the power passing into a load of definite impedance, contained within the instrument 
and replacing the normal one. With an impedance of (say) 1000 ohms and a zero level of 1 milli¬ 
watt, the voltage to be measured would be equivalent to 

Vo-OOl X 1000 = 1 volt R.M.S. 

For modern broadcasting telephony receivers, zero level in most output meters is fixed at 
50 milli-watts. This is held, to represent the weakest output to have any loudspeaker programme 
value. Scales are usually marked in milli-watts and decibels; powers less than 50 milli-watts 
would be given negative readings in dbs. For a maximum scale reading of 4000 milli-watts the 
power ratio is 80, and the point would therefore be marked 19*0 db. In good instruments, the 
impedance may be adjusted to match the valve. 

6. The Human Ear Justifies the Decibel.—The adoption of a new and unfaniiliar unit to 
describe power ratios was not simply due to a desire to substitute small numbers for big ones , the 
origin of its size and logarithmic nature may be traced to the peculiarities of the human ear. 
The power used by electrical apparatus employed in wireless, or other signalling services, is closely 
related to the power in the form of sound which it usually produces. From this inter-depei^ence 
between the twin sciences of acoustics and electrical signalling, it may readily be imders^od mat 
the units employed by the one should be adjusted partially to fit the reqmrements of the other. 
The decibel is a particularly convenient unit for measuring ratios of sound intensities. 

7. The Unit Power Ratio and the M.S.C.—Prior to 1923, in telephony practice the M.S.C. 

(mile of standard cable) was defined as “ the difference in loudness in an 800 cycle note, perceived 
by an observer comparing the notes from two equal telephones, one at the input and the other at 
the output end of a mile of standard telephone cable." The observed difference in lou^ess corre¬ 
sponds very nearly to a difference in power of 20 per cent, and, from this, the suggestion aro^ to 
use a standard power ratio step of 10®*^; this gives a difference of 10 —I, that is, about 25 *9 

per cent. This percentage change in the loudness of a monotone is an easily audible one, it is, 
however, only slightly greater than the minimum audible change of intensity. It needs a well- 
trained ear to detect a change in loudness of as little as 10 per cent., which is usually regarded as 
the lowest figure. Indeed, for most acoustic purposes, the decibel is defined as the least ratio of 
sound intensities that can be appreciated by the human ear. 

8. Logarithmic Response of the Human Ear—Fidelity Curves.—An absolute measure 
of the intensity of sound of a pure tone travelling in air or other medium, can be obtained in various 
ways and expressed in terms of 

(a) the R.M.S. pressure in dynes/cm.* produced on a diaphragm placed in the path of 

the waves, or 

(b) the amplitude of the oscillation in cms., or 

(c) the number of watts or milli-watts crossing an area of 1 cm * at right angles to the 

direction of propagation. 

If ^e loudness of a tone is increased, the amplitude increases, and also the rate of dissipation of 
energy in the form of sound. 
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It is found that, no matter what may be the absolute value of the intensity ol any sound, the 
sensitivity of the ear is such that the same percentage change of the original intensity will always 
produce the same relative alteration of the “ loudness sensation at tJie ear. If an increase of 

intensity by 10 times produces a given effect at the ear, a further 
,$ y increase of 10 times, that is to say a total of 100 times, will produce 

^ / twice the effect at the ear. Mathematically, this implies that the 

. y « 10 * X ear responds logarithmically to sounds of different intensities {i.e ,, 

powers), or that a logarithmic graph will be obtained if “ sound 
intensity" is plotted along the y-axis, and “sensation of loud- 
’ ^ ness" plotted along the x-axis. The curve is similar to that 

——- ^ obtained on plotting y = 10*, Fig. 1. In a graph of this nature, 

^ o s J equal percentage increases in the value of y give equal increments 

Fig. 1. along the x-axis. Considering the output of wireless receivers, the 

justification of the decibel notation is that a change in output 
from 8 to 40 milli-watts (7 db.) would seem to the ear identical with the change from 40 to 200 
milh-watts, since the power ratio is again 5:1. 

It is interesting to note that, in addition to the aural response to power being logarithmic, the 
ear also responds logarithmically with respect to pitch frequency). The graph of frequency 
plotted against “ musical interval " along the x-axis would be similar to that of Fig. 1. Tones 
separated by an octave have a frequency ratio of 2 and are detected by the ear as being similar 
musical intervals. The various C's on a piano would appear equally spaced along the x-axis of 
a graph like that of Fig. 1. 

Fig. 2 shows an amplifier fidelity curve. It represents the differential amplification of all 
frequencies in the usual A/F range. Ideally, an amplifier should amplify all frequencies equally 

well, and, in that case, the 
fidelity curve would be a straight 
vokTAtiRMio DEciBtLs line. This curve shows that with 

reference to the output at 500 
° cycles, frequencies below 200 

cycles are not equally amplified. 
The graph gives a true repre- 
-8 sentation of the fidelity with 

MO which the amplifier treats the 

various frequencies. At one time 
these graphs were plotted using 
a voltage ratio scale along the 
^-20 y-axis ; since the ear is logarith- 

I mic in action, curves of that 

FCK atcoHo natuTc cannot represent truly the 

FRcoucNCY*ficspoNsc CURVES OF AM/iMPtiFicR aural effect, and give a wrong 

(a) iNOtc.Bccs impression of the performance of 

(fr) «N VOLTASS RATI.J thc appaTatus. For example, at 

2 cycles, the full curve shows 

the voltage ratio as being 80 per 
, j- , , . , cent., or 1-25 taking the reci- 

*0 this voltage ratio, from the table we obtain approximately 2 dbs., and 
the dotted curve accordingly passes through the point 2 db. 

Sounds—Decibel Level Tone Control.—The sensitivity of the ear varies 
with the frequency ^d also with the “ level ” at which the sound is produced. For any normal 
^rson there is a minimurn sound intensity for each frequency, below which nothing is heard. 
Fig. 3 IS due to Fletcher and Munson ; the lower curve shows the relative variation in level of the 
threshold of au^bihty over the ordinary A/F band. The level at 1000 cycles is arbitrarily 
marked 0 and is taken as a zero or datum level. 
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Ordinary conversation is approximately 60 db., above the threshold of audibility. The 
curves may be termed ‘‘ equal loudness curves/* and show the relative insensitivity of the ear to 

low notes when the intensity level is low. 
In the case of the curve 0, a just audible 
tone at 100 cycles has a sound power 
about 38 db. above a similar one at 
1000 cycles. 

At an intensity level of 60 db. at 
1000 cycles, an equally loud tone at 100 
cycles would only differ in power by about 
12 db. For very intense sounds over 
about 90 db., the ear appears almost 
uniformly sensitive over the above fre¬ 
quency range. Still more intense sounds 
are felt rather than heard, and there is, 
in fact, a boundary called the “threshold 
of feeling.** From the practical point of 
view it follows, that a voice cannot sound 
natural imless it is reproduced at its 
natural level. When this is not possible, 
or desirable, the volume control is turned 
up and the intensity level is raised; 
although the relative power content may 
remain the same, the increased sensitivity 
of the ear to the lower notes produces the well-known and unpleasant sensation of booming/' 
In a large auditorium, a surfeit of low tones masks the higher ones and impairs the general intelligi¬ 
bility of speech. For this reason, in large public address systems, a volume control should always 
be operated in conjunction with a tone control. 

It will be noted that the 50 db. curve is the one which is flattest over the greatest range of 
frequencies, and it is sometimes considered that this is the optimum level of reproduction. 

Sound powers have, so far, been described in relative terms. It is, however, possible to put 
each sound power on an absolute basis. It has been measured that the average power of ordinary 
speech is somewhere between 10 and 15 micro-watts ; on this basis G. W. C. Kaye calculated that the 
continuous talk of a Wembley Stadium football crowd of 100,000 persons represented only enough 
energy to light a small electric lamp throughout the period of the game. It was similarly calculated 
that the acoustic disturbance created by a ship*s syren amounts to about 6 micro-watts per square 
centimetre at a distance of about 115 ft. This represented a total dissipation of energy by sound 
of about 1 /3rd of a horse power. The peak power of the loudest sound in conversation has been 
stated to be of the order of 5000 micro-watts, the power of the faintest sound being in the region 
of 0-01 micro-watts ; this represents a range of about 57 db. The power corresponding to the datum 
line of audibility itself has been variously estimated by different observers. Although there is no 
general agreement about the exact figure, the number 10^^ watts per square centimetre, for a 
free progressive wave of frequency 1000 cycles per second, is now usually quoted by American 
research workers as the datum line. With this level as a basis, the level of ordinary conversation 
appears as about 100 db. (not 60 db. as quoted above), assuming the average power of ordinary 
speech to be 10 micro-watts. 

Musical sounds have a much greater power range than speech sounds. The peak power 
produced by a large orchestra may be of the order of 100 watts, and the noisiest drum can produce 
peaks of power of 25 watts. 

Noises may, similarly, be expressed in terms of decibels above a datum. Measurements have 
been made over a complete scale of noise levels, from that of an aeroplane engine (110 db.) including 
in decreasing order of loudness, a roaring hon (90 db.), an average oflSce (45 db.), the purring of a 
cat (about 15 db.), and the noise in an underground vault in N.Y. city (10 to 15 db.). 
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Man-made noise and static of various kinds is usually present as a background during the 
reception of broadcast telephony signals. In order that any transmission should provide good 
programme value for the ordinary listener, a committee of the I.E.E. recently decided that the 
signal/noise ratio should be not less than 40 db. 

10. The Loudness Unit. The British Standard Phon. —^The decibel serves as a useful 
unit for the expression of power ratios, but for the measurement of the relative loudness of sounds 
and noises, a new but related unit, the “ phon,” was introduced by the British Standards Institute 
in 1936. 

The disadvantage of the decibel as a loudness unit is demonstrated by Fig. 3, a different decibel 
level being required to express equality of loudness at different frequencies in the A/F range. A 
unit is ne^ed with which to describe relative loudness, «uid to express equality of loudness along 
each of the equal loudness contours. It was decided to express loudness in terms of the equivalent 
loudness of a standard reference tone, and to define a datum of equivalent loudness based upon 
the R.M.S. pressure at the threshold of audibility of a free progressive tone at 1,000 cycles per 
second; that R.M.S. pressure has been standardised in this country at 0-0002 dynes per square 
centimetre. More accurately, it is an intensity level of 10~“ watts per square centimetre, corre¬ 
sponding to a sound pressure of 0-000204 dynes per square centimetre, at 76 centimetres of mercury 
and 20° Centigrade. 

Loudness may be expressed as a ratio above this arbitrary datum, the loudness of a sound in 
“ phons *’ being numerically equal to the sound intensity in decibels of an equally loud 
1,000 cycles per second pure note. The equal loudness contours of Fig. 3 could be given labels 
in phons equal numerically to the decibel levels of each at 1,000 cycles per second. 

In general, the loudness increases regularly with the intensity of the soimd, within the limits 
of audibility, but, unfortunately, loudness is a sensation, the valuation of which depends upon 
subjective considerations such as the way in which the sound is heard, the person making the 
observations, etc. For example, in practice it is extremely difficult to say exactly when two sounds, 
such as that of a given continuous noise and a multiple of the standard reference tone, are equally 
loud ; in general, it is found relatively easier to decide when one sound is very slightly louder than 
the other. 

A hypothetical ” normal ” observer can make an accurate decision as to equivalent loudness 
if “ he ’’ listens with both ears to the source of sound and the reference tone, both presented 
alternately from a position directly in front of the observer. A satisfactory approximation to this 
hypothetical being is achieved by taking the average of the subjective decisions of a group of 10 
observers; it has been estimated that such a group can arrive at a decision with an accuracy of 
± 2 phons. 

Subjective measurements of the above kind can usually only be made in a laboratory and, 
for noise research work in engineering, it is very desirable to eliminate the personal equation as far 
as possible, by measuring noise by purely instrumental means. Noise meters usually consist of 
a microphone, amplifier, amd indicating instrument; they can be supplied with circuits enabling 
them to approximate in fimction to the human ear, and to give direct objective measurements 
of loudness which are accurate when applied to pure tones. 

These meters may also be applied to the measurement of the loudness of continuous noises 
which vary in nature from pure tones to “ multi equal loudness ” tones. With complex noises, 
the reading of the meter may be seriously in error, and satisfactory relative measurement of noise 
can only be achieved if it is previously calibrated in a laboratory, by some subjective equality 
method; with reproducible noises this is usually possible. 

Objective noise meters are particularly valuable in dealing with noises of short duration, when 
there would not be time for any subjective measurement. Meters may be adapted for this purpose 
by the incorporation of suitable time constant circuits which conserve the energy produced during 
the sound impulse, permitting the meter to record a peak value from which it slowly falls. 

In terms of phons the threshold of feeling has been estimated at 130; the noise level in motor¬ 
cars of various types has been estimated to range between 70 and 90 phons. 
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Table I. 


The following conversion table is based on the formulae 


X = 


3 X 10» 


, and LC = 


103 


, where 


/ '-- V 2itf 

f = frequency in kilocycles per second. 

X = wave-length in metres. 

LC = oscillation constant, in microhenries and microfarads. 

It should be noted that wave-length and frequency are reciprocal; i.e., 50 metres correspond 
to 6,000 kc/s., and 50 kc/s. to 6,000 metres. 


Frequency (/) in 
kilocycles per 
second. 

Wave-length (X) 
in metres. 

LC value 
pH X pF. 

Frequency (/) in 
kilocycles per 
second. 

Wave-length (X) 
in metres. 

LC value 

HH X |aF. 

300,000 

1 

0-000000281 

6,977 

43 

0*000520 

150,000 

2 

0-00000113 

6,818 

44 

0-000545 

100,000 

3 

0*00000253 

6,667 

45 

0*000570 

75,000 

4 

0-00000450 

6,522 

46 

0*000596 

60,000 

5 

0-00000704 

6,383 

47 

0*000622 

50,000 

6 

0-0000101 

6,250 

48 

0*000648 

42,855 

7 

0-0000138 

6,122 

49 

0*000676 

37,500 

8 

0-0000180 

6,000 

50 

0*000704 

33,333 

9 

0*0000228 

5,454 

55 

0*000851 

30,000 

10 

0-0000281 

5,000 

60 

0*00101 

27,273 

11 

0-0000341 

4,615 

65 

0-00119 

25,000 

12 

0-0000405 

4,286 

70 

0-00138 

23,077 

13 

0-0000476 

4,000 

75 

0-00158 

21,429^ 

14 

0-0000552 

3,750 

80 

0-00180 

20,000 

15 

0-0000633 

3,529 

85 

0*00203 

18,750 

16 

0-0000721 

3,333 

90 

0-00228 

17,647 

17 

0-0000813 

3,158 

95 

0-00254 

16,666 

18 

0-0000912 

3,000 

100 

0-00281 

15,789 

19 

0-000102 

2,857 

105 

0-00310 

15,000 

20 

0-000113 

2,727 1 

no 

0*00341 

14,285 

21 

0-000124 

2,609 i 

115 

0-00372 

13,636 

22 

0-000136 

2,500 

120 

0-00405 

13,043 

23 

0-000149 

2,308 

130 

0*00476 

12,500 

24 

0-000162 

2,143 

140 

0-00552 

12,000 

25 

0-000176 

2,000 

150 

0*00633 

11,538 

26 

0-000190 

1,875 

160 

0*00721 

11,111 

27 

0-000205 

1,765 

170 

0*00813 

10,714 

28 

0-000221 

1,667 

180 

0*00912 

10,345 

29 

0-000237 

1,579 

190 

0*0102 

10,000 

30 

0-000253 

1,500 

200 

0*0113 

9,677 

31 

0-000270 

1,429 

210 

0*0124 

9,375 

32 

0-000288 

1,364 

220 

0*0136 

9,091 

33 

0-000306 

1,304 

230 

0*0149 

8,823 

34 

0-000325 

1,250 

240 

0*0162 

8,571 

35 

0-000345 

1,200 

250 

0*0176 

8,333 

36 

0-000365 

1,154 

260 

0-0190 

8,108 

37 

0-000385 

1,111 

270 

0-0205 

7,895 

38 

0-000406 

1,071 

280 

0-0221 

7,692 

39 

0-000428 

1,034 

290 

0*0237 

7,500 

40 

0*000450 

1,000 

300 

0*0253 

7,317 

41 

0*000473 

967-7 

310 

0*0270 

7,143 

42 

0*000497 . 

937*5 

320 

0*0288 
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Table I — continued. 


Frequency (/) in 
kilocycles per 
second. 

Wave-length (X) 
in metres. 

LC value 
fxH X (xF. 

Frequency (/) in 
kilocycles per 
second. 

Wavelength (X) 
in metres. 

LC value 
(xH X (xF. 

• 

909* 1 

330 

0-0306 

166-7 

1,800 

0-912 

882-3 

340 

0-0325 

162-2 

1,850 

0-963 

857-1 

350 

0-0345 

157-9 

1,900 

1-016 

833-3 

360 

0-0365 

153-8 

1,950 

1-070 

810-8 

370 

0-0385 

151-5 

1,980 

1-103 

789-5 

380 

0-0406 

150-0 

2,000 

1-120 

769-2 

390 

0-0428 

142-9 

2,100 

1-24 

750-0 

400 

0-0450 

136-4 

2,200 

1-36 

731-7 

410 

0-0473 

130-4 

2,300 

1-49 

714-3 

420 

0-0496 

125-0 

2,400 

1-62 

697-7 

430 

0-0520 

120-0 

2,500 

1-76 

681-8 

440 

0-0545 

115-4 

2,600 

1-90 

666-7 

450 

0-0570 

111-1 

2,700 

2-05 

652-2 

460 

0-0596 

107-1 

2,800 

2-21 

638-3 

470 

0-0622 

103-4 

2,900 

2-37 

625-0 

480 

0-0648 

100-0 

3,000 

2-53 

612-2 

490 

0-0676 

96-77 

3,100 

2-70 

600-0 

500 

0-0704 

93-75 

3,200 

2-88 

588-2 

510 

0-0732 

90-91 

3,300 

3-06 

576-9 

520 

0-0761 

88-24 

3,400 

3-25 

566-0 

530 

0-0791 

85-71 

3,500 

3-45 

555-6 

540 

0-0821 

80-00 

3,750 

3-96 

545-4 

550 

0-0851 

78-95 

3,800 

4-06 

535-7 

560 

0-0883 

76-92 

3,900 

4-28 

526-3 

570 

0-0914 

75-00 

i 4,000 

4-50 

517-1 

580 

0-0947 

71-34 

4,200 

4-96 

508-5 

590 

0-0980 

70-59 

4,250 

5-08 

500-0 

600 

0-101 

66-67 

4,500 

5-70 

461-5 

650 

0-119 

63-83 

4,700 

6-22 

428-6 

700 

0-138 

63-16 

4,750 1 

6-35 

400-0 1 

750 

0-158 

60-00 

5,000 

7-04 

375-0 

800 

0-180 

54-54 

5,500 

8-51 

352-9 

850 

0-203 

50-00 

6,000 

10-13 

333-3 

900 

0-228 

46-15 

6,500 

U-89 

315-8 

950 

0-254 

42-86 

7,000 

13-79 

300-0 

1,000 

0-281 

40-00 

7,500 

15-83 

285-7 

1,050 

0-310 

37-50 

8,000 

18-01 

272-7 

1,100 

0-341 

35-29 

8,500 

20-33 

260-9 

1,150 

0-372 

34-29 

8,750 

21-55 

250-0 

1,200 

0-405 

33-33 

9,000 

22-80 

241-9 

1,240 

0-433 

31-58 

9,500 

25-40 

240-0 

1,250 

0-440 

30-00 

10,000 

28-14 

232-6 

1,290 

0-468 

27-27 

11,000 

34-06 

230-8 

1,300 

0-476 

25-00 

12,000 

40-53 

222-2 

1,350 

0-513 

24-19 

12,400 

43-28 

214-3 

1,400 

0-552 

23-08 

13,000 

47-56 

212-8 

1,410 

0-560 

21-43 

14,000 

55-16 

206-9 

1,450 

0-592 

20-00 

15,000 

63-33 

202-7 

1,480 

0-616 

18-75 

16,000 

72-05 

200-0 

1,500 

0-633 

17-65 

17,000 

81-34 

193-5 

1,550 

0-676 

16-67 

18,000 

91*19 

187-5 

1,600 

0-721 

15-79 

19,000 

101-60 

181-8 

1,650 

0-766 

15-00 

20,000 

112-58 

176-5 

1,700 

0*813 

12-00 

25,000 

175-90 

172-4 

) 71*4 

1,740 

1,750 

0-852 

0*862 

10-00 

30,000 

253-30 
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Frequency (/) 
in megacycles per 
second Mc/s. 

Wave-length (X) 
in metres (below 
one metre in cm.) 

Frequency (/) 
in megacycles per i 
second Mc/s. c 

Wave-length (X) 
n metres (below i 
me metre in cm.) 

Frequency (/) 
n megacycles per 
second Mc/s. 

Wave-length (X) 
in metres (below 
one metre in cm.) 

30 0 

100 

45-4 

6-6 

93*8 

3*2 

30-3 

9-9 

46-2 

6*5 

96-8 

8*1 

30*6 

9-8 

46-9 

6*4 

100-0 

3*0 

30-9 

9*7 

47-6 

6-3 

103*0 

2*9 

31-3 

9-6 

48-4 

6-2 

107 0 

2*8 

31-6 

9-5 

49-2 

6-1 

111*0 

2*7 

31-9 

9*4 

50-0 

6-0 

115*0 

2*6 

32-3 

9-3 

50-8 

5-9 

120*0 

2*5 

32-6 

9-2 

51-8 

5*8 

125*0 

2*4 

33 0 

91 

52-7 

5-7 

130*0 

2*3 

33*3 

9-0 

53-6 

5-6 

136*0 

2*2 

33-7 

8-9 

54-6 

5-5 

143*0 

2*1 

34 1 

8*8 

55-6 

5-4 

150*0 

2*0 

34-5 

8-7 

56-6 

5-3 

158*0 

1*9 

34-9 

8-6 

57*7 

5-2 

167*0 

1*8 

35*3 

8-5 

58*8 

51 

176*0 

1*7 

35-7 

8-4 

60 0 

50 

187*0 

1*6 

361 

8*3 

61-2 

4*9 

200*0 

1*5 

36-6 

8*2 

62-5 

4-8 

214*0 

1*4 

37 0 

8*1 

63-8 

4-7 

231*0 

1*3 

37-5 

8-0 

65-2 

4-6 

250*0 

1*2 

38-0 

7-9 

66-6 

4-5 

273*0 

1*1 

38-5 

7-8 

68-2 

4.4 

300*0 

1*0 

39 0 

7-7 

69-8 

4-3 



39-5 

7-6 

71-5 

4-2 

(/) in Me /s. 

(X) in cms. 

40'0 

7-5 

73-2 

41 



40-6 

7-4 

750 

40 

333*0 

90 

411 

7-3 

77-0 

3-9 

375*0 

80 

41-7 

7-2 

79-0 

3-8 

429*0 

70 

42-3 

7-1 

81-1 

3-7 

500*0 

60 

42-9 

7-0 

83*4 

3-6 

600*0 

50 

43-5 

6*9 

85-8 

3*5 

750*0 

40 

44 1 

6-8 

88-2 

3-4 

1,000 

30 

44-8 

6-7 

91-0 

3*3 

1,500 

20 





3,000 

10 





30,000 

1 
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RESUSCITATION FROM APPARENT DEATH BY ELECTRIC SHOCK. 

The urgent necessity for prompt and persistent efforts at resuscitation of victims of accidental 
shocks by electricity is very well emphasised by the successful results in the instances recorded. 
In order that the task may not be undertaken in a half-hearted manner, it must be appreciated 
that accidental shocks seldom result in death unless the victim is left unaided too long, or efforts 
at resuscitation are stopped too early. 

The result of an electric shock on the body is to affect the nervous system, and the muscles 
contract involuntarily. Those controlling the heart and breathing action are stopped, and the 
patient appears dead. It is impossible to dogmatise on the actual voltage required to give a fatal 
shock. The electrical resistance of the human body is approximately 30,000 ohms when the skin 
is perfectly dry, but may be as low as 200-300 ohms if the skin is wet. In that case a voltage as 
^ow as 100 has proved fatal. Under normal circiunstances any voltage higher than 250 should be 
considered dangerous {cf. A.31). 
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In the majority of instances the shock is only sufficient to suspend animation temporarily, 
owing to the momentary and imperfect contact of the conductors, and also on account of the 
resistance of the body submitted to the influence of the current. It must be appreciated that the 
body under the conditions of accidental shocks seldom receives the full force of the current in the 
circuit, but only a shunt current, which may represent a very insignificant part of the whole. 

When an accident occurs, the following rffies should be promptly executed with care and 
deliberation pending the arrival of a doctor :— 

(1) Remove the body at once from the circuit by breaking contact with the conductors. 

This may be accomplished by using a dry stick of wood, which is a non-conductor, 
to roll the body over to one side, or brush aside a wire, if that is conveying the 
current. When a stick is not at hand, any dry piece of clothing may be utilised 
to protect the hand in seizing the body of the victim, unless rubber gloves are 
available. If the body is in contact with the earth, the coat tails of the victim, 
or any loose or detached piece of clothing, may be seized with impunity to draw 
him away from the conductor. When this has been accomplished, proceed according 
to (2). The object to be attained is to make the subject breathe, and if this can 
be accomplished and continued, he can be saved. 

(2) Lay the man on the ground, face downwards. Turn his head on one side. No time 

should be lost by removing or loosening clothes. Begin artificial respiration by the 
Schaffer method, at once, as follows :—Tell one of the bystanders to prepare some 
sort of pad like a folded coat and slip it under the patient’s body just above 
his waist ; but do not wait for this. You will probably have performed several 
movements of respiration before the pad is ready and have thus gained all-valuable 
time. Kneel by the patient’s side, or across his body facing his head. Spread 
your hands out flat on his back at his lowest ribs, one on each side, the thumbs 
being close to and parallel with the spine. Press gradually and slowly for about 
three seconds by leaning forward on to your hands. Use no violence. Relax 
the pressure by falling back into your original upright kneeling position for two 
seconds without lifting your hands from the patient. The process of artificial 
respiration consists in repeating this swaying motion backwards and forwards 
about 12 to 15 times a minute. The efforts to restore breathing must be carried 
out with perseverance, as in some cases it has been restored after a long period of 
apparent death. Keep the patient warm. 

(3) The dashing of cold water into the face will sometimes produce a gasp and start 

breathing, which should then be continued as directed above. If this is not 
successM the spine should be rubbed vigorously with a piece of ice. It is both 
useless and unwise to attempt to administer stimulants to the victim in the usual 
manner by pouring them down his throat. 

(4) If the patient has been burned, oil should not be used. Sterihsed wool should be 

applied. In the case of burns resulting from accidental shock, where the respiratory 
system has not been affected, a patient may appear perfectly well when once his 
bums are dressed. It is important to realise that in all cases of electric shock there 
is danger of hyperstatic pneumonia setting in. The patient should therefore be 
kept warm and quiet for at least a day following the accident. 

APPENDIX “D.” 

W/T TEXTBOOKS, WORKS OF REFERENCE AND JOURNALS. 

The following is a list of selected works which may serve as a guide to any officer or rating who 
wishes to study other aspects of Radio Engineering, or who desires to read other books in conjunc¬ 
tion with the Admiralty Handbook. 

'The selection is in no way an exhaustive one, and works of a highly specialised nature have been 
purposely excluded. 
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TEXT BOOKS. 

“ Radio Engineering.” By F. E. Terman. (McGraw-Hill. 1937.—30s.) 

“ Principles of Radio Engineering.” By R. S. Glasgow. (McGraw-Hill. 1936.—24s.) 

“ Modern Radio Communication.” Vols. I & II. By J. H. Rejmer. (Pitman. 1935.—5s. 
and 7s. M., from the publisher.) 

“ Principles of Radio Communication.” By T. Morecroft. (Chapman & Hall. 1933.— 
37s. U.) 

“ Short Wave Wireless Communication.” By A. W. Ladner & C. R. Stoner. (Chapman & 
Hall. 1936.—15s.) 

“ Foundations of Wireless.” By A. L. M. Sowerby. (Iliffe & Sons. 1936.—4s. 6ci.) 

” Wireless Receivers.” By C. W. Oatley. (Methuen Co. 1932.—2s. 6(i.) 

“ Wireless Engineering.” By L. S. Palmer. (Longmans Green & Co. 1936.—21s.) 

“ Theory of Radio Communication.” By the Post Office Engineering Department. (H.M.S.O. 
1934.—7s.) 

ELEMENTARY TEXT BOOKS. 

“ Wireless—Its Principles -and Practice.” By R. W. Hutchinson. (London University 
Tutorial Press. 1935.—3s. 6i.) 

“ Physical Principles of Wireless.” By J. A. Ratcliffe. (Methuen Co. 1929.—2s. M.) 

“ The Outline of Wireless.” By R. Stranger. (Newnes, 1931.—8s. 6i.) 

“ Tuning in Without Tears.” By S. A. Boyce. (Pitman. 1936.—2s. 6i.) 

TEXT BOOKS OF AMATEUR RADIO SOCIETIES. 

“ A Guide to Amateur Radio.” (By Radio Society of Great Britain. Yearly.—6i.) 

" The Radio Amateur’s Handbook.” (American Radio Relay League. Yearly.—5s. 6d.) 

HISTORICAL WORKS. 

“ Radio Communication—History & Development.” The Science Museum Handbook. 
(H.M.S.O. 1934.—2s. U.) 

NUMERICAL EXERCISES IN RADIO ENGINEERING. 

“ Problems in Radio Engineering.” By E. T. A. Rapson. (Pitman. 1935.—3s. 6<i.) 

“ Classified Examples in Electrical Engineering—Vol. 11. Alternating Current.” By S. G. 
Monk. (Pitman. 1933.—3s. 6i.) 

MORE ADVANCED TEXT BOOKS; WORKS OF REFERENCE. 

“ Radio Engineering Handbook.” By R. Henney. (McGraw-Hill. 1935.—30s.) 

“ Wireless.” By L. B. Turner. (Cambridge University Press. 1931.—25s.) 

“ Phenomena in High Frequency Systems.” By A. Hund. (McGraw-Hill. 1936.— 30s.) 

“ Measurements in Radio Engineering.” By F. E. Terman. (McGraw-Hill. 1935.—24s.) 

“ Thermionic Vacuum Tubes.” By E. V. Appleton. (Methuen Co. 1931.—3s.) 

“ Atmospheric Electricity.” By B. F. J. Schonland. (Methuen Co. 1932.—2s. 6d.) 
“Electromagnetic Waves.” By F. W. G. White. (Methuen Co. 1934.—3s.) 

JOURNALS. 

• “ Wireless World.” (Iliffe & Sons. Weekly.— 4d. 

“ The Wireless Engineer.” (Iliffe & Sons. Monthly.—2s. 6d.)- 
“ Proceedings of the Institute of Radio Engineers.” (New York.) 

“ Journal of the Institution of Electrical Engineers.” (Published Monthly.—10s. 6d.) 

“ Electronics.” (Published Monthly. New York.) 

“ The Post Office Electrical Engineers Journal.” (Published by the Electrical Review. 
Quarterly.—Is.) 

“ Electronic Engineering.” (Hulton Press, Ltd. Monthly.—2s.) 
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receiving .. .. .. .. .. 180 
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